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FOREWORD

This report documents a comprehensive review and evauaion of the Long Term Pavement Performance
(LTPP) pavement layer thickness data. Pavement layer thickness data are very important for many types
of andyses, including backcaculation of pavement moduli, mechanistic andyss of pavement dructures,
and performance modding. The accuracy of layer thickness data has a great impact on the outcome of
practicaly all analyses of performance. The report contains an assessment of the LTPP layer thickness
data and recommendations for resolution of anomalous data. Results of the datistical andyses
documented in this report provide indghts into the characteristics of within-section Bayer thickness
variability. The results of the comparison between as-designed and as-congtructed layer thickness data
provide useful estimates of the expected congtruction-related variability. These results can serve as a very
important input to pavement enginesring gpplications involving the reiability of pavement desgn and
also for quality assurance condruction specifications.

This report will be of interest to highway agency engineers involved in pavement anadyss, desgn,
condruction, and data collection, as well as future researchers who will use LTPP data to improve on the
design procedures and standards for congtructing pavements.

- s S
/i
T. Paul Teng, P.E.
Director, Office of InfraStructure
Research and Development

NOTICE

This decument IS disseminated under the sponsorship of the Department of Transportation in the interest
of information exchange. The United States Government assumes no liability for its contents or use
therecof.” This report does not conditute a standard, specification, or regulation.

The United States Government does not endorse products or manufacturers. Trade or manufacturers'
names appear herein only because they are considered essentid to the objective of this document.
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SYMBOL

WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL
254 millimeters
- feet 10.305 meters
> yards: 0.914 meters
mifes - 161 kilometers
AREA
square inches 645.2 square millimeters mm’
square feet 0.093 square meters m?
square yard 0.836 square meters m?
acres 0.405 hectares ha
square  mites 2.59 square  kilometers km?
VOLUME
fluid.ounces 29.57 milliliters mi
gallons 3.785 liters L
cubic feet 0.028 cubic meters m?
cubic yards 6.766 cubic meters m*.
NOTE: volumes greater than 00D L shall be shown in:m®
MASS
ounces 28.35 grams g
pounds 0.454 kilograms kg
short tons (2000 ib) 0.907 megagrams (or “metric ton”) Mg (or "t")
Lo TEMPERATURE (exact degrees)
L 5(F~32)19 Celsius ‘c
S or(Faa2)18
ILLUMINATION
foof-candlas 10.76 lux Ix
foot-Lamberts 3426 candela/m® cd/m®

SYMBOL WHEN YOU KNOW TO FIND SYMBOL
o

A ars : eyl
o kilometers: miig
mgnz square  millimeters square inches in?

m; square meters square feet

m square meters square yards yd?

ha hectares acres ac
km? square kilometers square miles mi?
mk milliliters ﬂu;d ounces floz
k. liters gallons qaal

m® cubic meters cublc feet ft

m’ cubic meters cubic yards ya?

g grams ounces oz

kg kilograms pounds Ib

Mg (or ") megagrams (or short tons (2000 Ib) T

TEMPERATURE (exact degrees)
°c Celsius 1.8C+32 Fahrenheit op
ILLUMINATION
Ix. tux ) 0.0929 foot-candles fc
cafm® candela/m 10.2919 foot-Lamberts fi
. FORCE and PRESSURE or STRESS

N ngwtons 0.225 poundforce Ibf
KPa ‘Kilopascals 0.445 poundforce per square inch foffin®

81 is the symbol for the international System of Units. Appropriate rounding should be made {& comply with Section 4 of ASTM E380.

(Revised March 2003)
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1. INTRODUCTION

The mission of the Long-Term Pavement Performance (LTPP) program is to foster increased
pavement life through: [1]

e Collection and storage of performance data from a large number of in-service highways
in the United States and Canada, over an extended period, to support anadysis and product
development.

e Andyss of these data to describe how pavements perform and to explain why t hey
perform as tkey do.

e Translation of these ingghts into products for pavement desgn, rehabilitation,
maintenance, and Mmanagement.

Layer gructure and thickness information is one of the most important data elements for any
type of pavement performance sudy. Among the studies where layer structure and thickness
information is criticd are backcadculation of pavement moduli, mechanigic andyss of pavement

dructures, and performance modeling. In fact, the accuracy of layer thickness data has a strong
impact on the outcome of practicaly al anadyses of performance.

Layer Structure and Thickness Information Collected by the LTPP Program

A large amount of data related to layer structure and thickness has been collected as part of the
LTPP program. The data have been collected from severa sources, including the following:

Inventory and design records.

Core measurements from materids sampling and testing.
Field logs of boreholes.

Shoulder auger probe logs.
Test pit logs

Fidd devation measurements before and after layer placement for Specific Pavement
Studies (SPS) sections.

Ground Penetrating Radar (GPR) measurements (planned to be collected).
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The pavement layer thickness data from these sources exist in many different LT PP tables. For
example, tables TST_ACO01, TST_ACO1_LAYER, and TST_PC06 contain core measurement
data. The Enventory or planned layer thickness data are stored in various other tables (e.g.,
INV_LAYER and RHB_LAYER). Tables SPS*_LAYER and SPS*_LAYER_THICKNESS

contain fiedd eevation data The dedgn layer thickness data are found in the experimenta
designs for newly constructed SPS sections.

Please note that the name SPS* _LAYER used herein refers to SPS1 LAYER, SPS2_LAYER,
SPS5 _LAYER, SPS6_LAYER, SPS7_LAYER, SPS8_LAYER, and SPS9_LAYER tables. The
name SPS*_LAYER_THICKNESS used herein refers to SPS 1_LAYER_THICKNESS,
SPS2_LAYER_THICKNESS, SPS5_LAYER_THICKNESS, SPS6_LAYER_THICKNESS,
SPS7 LAYER_THICKNESS, and SPS8_ILAYER_THICKNESS tables.



Additiondly, materia types and depths to drata top and Strata bottom are identified or measured
in the fidd from holes, tet pits, and probes. Table TST_SAMPLE_LOG sores information
about the samples taken from holes, pits, and probes, and is a good raw data source for unbound
layers.

Using the above information, the LTPP Regiona Support Contractors (RSC's) complete tables
TST_L05, TST_LO5A, and TST_L05B. Table TST-LOS gores project-level materid type
information for SPS experiments with multiple sections condructed a the same SPS dte. Table
TST_LO5A summarizes measured layer materid type and thickness data a the beginning,

within, and at the end of a section, based on the core measurements and field test pit information.
The TST_LOSB table provides the representative thickness for the section. These representative
thicknesses are the recommended andysis leve layer thicknesses in the LTPP database.

Following is a list of relevant LTPP tables that contain layer materiall type or thickness data

e TST_ACO1—Asphalt concrete (AC) core examination and thickness. Contains measured
AC core thicknesses.

e TST ACO01 LAYER—AC core examination and thickness information. Contains fidd
layer and real layer number.
TST_PC06—Portland cement concrete (PCC) core examination and thickness.
SPS*_LAYER—Summarized layer descriptions and thicknesses for newly constructed
SPS layers (Shest 4).

e SPS* LAYER_THICKNESSFed edevatiion layer thickness measurements.(Sheet 12).
TST_SAMPLE_IL.OG—Information about the samples taken from holes, pits, and probes.
INV_LAYER—Layer descriptions and thickness data collected from highway agencies
(Daa Sheet: Inventory 3).

e RHBLAYER-Layer descriptions and thickness data collected from highway agencies
on rehabilitated layers (Data Sheet: Rehab 2).

e TST _LO05—Table containing laboratory materid testing data, project level for SPS
experiments  only.

e TST _LO5SA—Table contaning layer descriptions for dl condructions, section leve -
measured data.

e TST_LO5B-Table containing layer descriptions for al condructions, section level -
andyds section.

Additiona information about the LTPP program, fidd sampling, materias tesing, data
collection guiddines, and LTPP database can be found in the following documents:

e Data Collection Guide for Long-Term Pavement Performance Sudies, Operational Guide
No. sHRP-LTPP-OG-001, SHRP, Washington, DC, 1993. {2]

‘e SHRP-LTPP Interim Guide for Laboratory Materials Handling and Testing (PCC,
Bituminous Materials, Aggregates and Soil), Operationa Guide No. SHRP-LTPP-OG
004, sHRP, Washington, DC, 1991 (SHRP-LTPP Lab Guide). [3]

e Fied Materials Sampling, Testing, and Handling Guide No. SHRP-LTPP-OG 006,
Version 2.0, SHRP, Washington, DC, 1992. [4]



o LTPP SPS Pavement Layering Methodology, FHWA, McLean, Virginia, January 1994.
(51

e Specific Pavement Studies, LTPP Material Sampling and Testing Requirements for SPS
Experiments. [6-11]

e  Specific Pavement Studies, LTPP Experiment Design and Research Plan for SPS
Experiments. [12-17]

e SHRP-LTPP Protocol PO1 for SHR P test designation AC0 1: Visual Examination and
Thickness of Asphaltic Concrete Cores. [ 18]

o SHRP-LTPP Protocol P66 for SHRP tes desgnation PC06: Visual Examination and
Length Measurement of Portland Cement Concrete Cores. [19]

e [TPP Information Management System. IMS Quality Control Checks, Federa Highway
Adminigration, Washington, DC, 2000. [20]

e  Specific Pavement Studies, Data Collection Guidelines for SPS Experiments. [21-26]

Need for Review of LTPP Pavement Layer Thickness Data

The LTPP database contains a wedth of layer materia type and thickness data. However, some
discrepancies have been obsarved in these data, raising some concerns about data qudity. For
some sections, desgn thickness or highway agency inventory thickness was reported in the
TST_LOSB table because of the lack of materids testing data. This is epecidly true for many
rehabilitated sections. In addition, some sections are missing layer thickness information, which
severdy limits the use of these sections in data andysis sudies.

Study Objectives

The god of this study is to assess and improve the LTPP layer materid type and thickness data
qudity for data that are currently avalable in the LTPP database. The main objectives for this
dudy are as follows:

e Examine the layer thickness data in the LTPP database to evauate quaity and
completeness using data a Levels A through E.

s Evduae layer maerid type and thickness data reasonableness and consistency and
provide recommendations for layer materid types and thicknesses for each LTPP section.

¢ Chaacterize the variation in Payer thickness data a different locations within sections
where data are available (i.e, SPS sections).

°  Document the extent of differences in the layer thickness data between as-designed
(inventory) and as-constructed (measured) thicknesses (SPS sections).

One important product from this study is aResearcher’s Guide to the LTPP Layer Thickness
Data. The Guide is presented in a separate report.

Report Organization
The report contains seven chapters. Chapter 1 (this chapter) provides an introduction. to the

issues related to the LTPP layer materid type and thickness data, study objectives, and report
organization. Chapter 2 summarizes layer structure and thickness data availability and



completeness. Chapter 3 discusses the results from evauation of the LTPP layer materid type
and thickness data reasonableness and consstency. Chapter 4 provides a summary of layer
thickness variability data evduation. Chapter 5 summarizes characteristics of the within-section
thickness data variation for SPS layers with extensve eevaion measurements. Chapter 6
discusses evauation results on comparing designed versus as-constructed or measured
thicknesses. Findly, chapter 7 presents a summary, conclusions, and recommendations from this

sudy.

Additional materid is included in three gppendixes. Appendix A contains a table of materid
codes used to corrdlate materid type data from inventory and testing tables. This table was
developed to enable crosstable comparison of materia types specified in severd LTPP database
tables usng different materid coding schemes. Statigtica formulations used in the skewness-
and-kurtosis test are provided in Appendix B. Appendix C contains description of a dtatistica
procedure that was conddered for evduation of within-section layer thickness variability
characterigtics.



2. ASSESSMENT OF DATA AVAILABILITY AND COMPLETENESS

This chapter summarizes the results of the data availability and completeness assessment for
tables related to pavement layer structure. Firdt, the LTPP data source used for this study is
presented. Then, LTPP data availability and qudity control (QC) are discussed, which explains
the QC process of the LTPP data and why some data collected are deemed “unreleasable” to the

public. After that, Payer structure and thickness data are assessed for their quality level and
completeness.

L TPP Data Source Used in This Study

LTPP data rdlease 11.5 verson NT3.0, obtained on June 8, 2001, was usad for this study. LTPP
tables with layer materid type and thickness data for individud layers & the section level are

evauated for data availability and completeness for the rdevant sections. Tables TST_ACO1
and TST_L05 were not included in this study.

Table TST _ACO01 was not evauated in this study because it contains measured core thic kness,

which may represent thickness from multiple layers. For example, a single AC core identified in
the field as AC material and with messured thickness in the TST_ACOL1 table may contain hot-

mix asphdt concrete (HMAC) wearing, binder, and base layers.

Table TST_L05 was not used because it contains information only for SPS projects at the project
levd. Many SPS projects contain multiple sections at the same ste (e.g., SIPS-1 and SPS-2).
This table is useful for researchers who would like to link materid type information from
multiple sections at the section level together for a given SPS project.

The following LTPP tables were assessed for data availability and completeness:

s TST_ACO1_LAYER-Core examination and thickness information. Contains field layer
and red layer mmber.

TST PC0O6—Core examination and thickness.

SPS*_LAYER—Layer descriptions (Sheet 4).

SPS*_LAYER_THICKNESS-Layer thickness measurements (Sheet 12).
INV_LAYER—TLayer descriptions (Data Sheet: Inventory 3).

RHB_LAYER—Layer descriptions (Data Sheet: Rehab 2).

TST_1.0SA—Table containing layer descriptions for all constructions.
TST_LOSB—Table contaming layer descriptions for all congtructions.
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LTPP Data Availability and Quality Control Checks

The qudity of the data is the most important factor in any type of pavement performance
andyss. From the onset of the LTPP program, data quality has been considered of paramount
importance. Procedures for collecting and processing data were defined (and are modifie d as
necessary) to ensure condistency across various reporting contractors, laboratories, and
equipment operators Although these procedures formed the foundation of quality



control/quality assurance (QC/QA) and data integrity, many more components of a QC/QA plan
were necessary to ensure that the data sent to researchers were as error-free as possible.

LTPP has developed and implemented an extensve QC program that classifies each of the data
elements into categories, depending upon the location of the data in this QC process. Severd

components or steps comprise the overal QC/QA plan used on LTPP data, as discussed in the
following paragraphs [20].

1.

Collect Data: Procedures for collecting data are documented for each module in the
LTPP database. These procedures are intended to ensure that data are collected in similar
formats, amounts, conditions, and so on. Documentation references indude the Data
Collection Guide and various module-specific guides.

. Review Data: Regiond engineers review essentidly al data input into the regiond LTPP

databases to check for possble errors related to keystroke input, field operations,
procedures, equipment operations, and so on. The regiona review is intended to caich
obvious data collection errors. In addition, some data are preprocessed before they are
entered into the LTPP database. For example, PROFCAL software is used on the
profilers to provide a system check by comparing measurements taken a different
speeds. PROFSCAN is a field QA tool that dlows an operator to identify invaid data
while still in the fidd, thus saving codly revidts to the ste.

Load Data in LTPP Database: Some checks are programmed into the LTPP database to

identify errors as data are entered. The LTPP database contains mandatory logic, range,
data verification, and other miscdlaneous checks that are invoked during input.

QC/QA: Once data are input into the LTPP database and reviewed by regiona engineers,
forma QC/QA software programs are run on the data

e Level A - Sating point. When records are firgt input into the IMS they are assigned
a gtatus of A. Records faling the levd B or level C checks will have a satus of A. At
present, data for SPS supplementa test sections, which by policy are not subjecte d to
QC checks, ae left a leve A in mogt tables, .

e Level B = An old check that is being replaced in some modules. Originally, level B
was a dependency check on the availability of certain critical data contained in other
tables. In some modules, this check has been phased out and replaced with level E
checks and changes to the structure of the EXPERIMENT-SECTION table. There are
cases where records with RECORD_STATUS=B exist due to redtrictions imposed by
the software used to perform manual upgrades.

s Level C -~ Avalability of criticd data fields in a record. These are checks to see if
certain data fidds have non-null valyes. As an example, test section coordinates are

required for dl entries in INV_ID and SPS_ID. Some of the level C checks are
conditiond checks on severd fidds. Another example, in
MON_DEFL_DROP_DATA, of the 7 to 9 possble deflection values, a least 5 must
be non-null. These checks are not performed on key fidds and fidds defined as non-
null, since these fields must be populated in order to create a record.



o Level D - Range checks on the values contained in single fidds. While these are
called expanded range checks, they are refined range checks on the reasonableness of
the magnitude of a number or code vaue. When data is entered, its range must match
the fidd format logic, for example, a vaue of 999 can not be entered in a field
defined as NUMBER(2,0). These checks are more stringent than logica range vaues,
but in some ingtances are set to a rather large range of values to encompass typicd
conditions. For example, the range of ar temperature must accommodate conditions
gpanning from Arizona to Alaska. In other ingtances, the range limits are based on
traditiona practice in order to flag outliers and suspect values. For example, the
percent longitudind reinforcement in PCC pavements is limited to 1% since it is very
rare that pavements are built with even this very high level of sed reinforcement.

e Level E - Relationd checks between data eements in the same record and data
elements contained in other records. Although previoudy described as intramodular
checks, these checks have been expanded to include record level inter-field and inter-
modular checks. Some of the types of level E checks include:

e Logicd rddionship between rdaed vaues. For example a minimum vaue must
be less than or equd to the average, which must be less than or equd to the
maximum.

e Parent-child integrity checks. For example, every record in
MON_DEFL_LOC_INFO mugt have a matching record in
MON_DEFL_MASTER.

e Range checks between related values. For example, the difference between the
daly maximum and minimum ar temperaiure must be less than 50" C.

e Referentid cascading parent-child level E reationships. For example, for records
in MON_T_PROF_MASTER to reach leve E, dl matching records in
MON_T_PROF_PROFILE mud be & leve E.

e Compliance with LTPP rules and test protocols. Many level E-QC checks are
based upon LTBP rules for pavement-sructure-materid layer types, sequence and
LTPP test protocols. For example, the surface layer of a GPS-3 test section should
consist of portland cement concrete.

e Computed parameter referentid level E checks on records in source tables. For
example, for records that contain results of FWD backcaculaion computations to
reech level E, matching data from the FWD deflection tables must aso be a E.

Once the QC/QA programs are completed, the regional engineers review the output and resolve
any data errors that they can. Often, the deta entered are accurate and legitimate but do not  pass
a QC/QA check. Whenthis occurs, the regiona engineer can document that the deata have been
confirmed using a Comments table in the database and manudly upgrade the record to Leve E.

There are many reasons that some important data may not be available from the publicly released
LTPP database a the time of andyss. The following are some possble examples:

¢ Data ae yet to be collected or the laboratory tests have not been performed on samples
that have been taken.

e Daa are under regiond office review.

s Data have faled one of the quality checks and are being reviewed.



o Datahave faled one of the quality checks and were identified as anomalies.
Data need to be quality checked.

e The devdlopment of the SPS-8 requirements took place over time, and some of the earlier

projects may have bad different requirements.
e The monitoring requirements for some Stes may have changed over time.

As such the unavalable data identified in this section do not necessarily mean the data were not
collected or submitted by the States. There are severd instances where data may have gotten
held up and did not reach Level E. The LTPP program is continuing on a system-wide effort to

resolve dl unavalable data so they will be available to future researchers.

Assessment of the LTPP Layer Thickness Data Availability and Completeness

An overview of the avalable LTPP data, both a dl QC levels and a Level E for regular LTPP
sections (non-supplemental sections), is provided in table 1.

Table 1. Data avalability assessment of the regular sections for layer thickness rlated tables.

Table Name Number of Records Nux;l;e:::eittﬁmns Numbsetx:;’:;':ment
QC Level: AlQC At Level ARQC| AtLevel JANQC| AtLevel
° Levels| Eonly (%) |Levels| Eonly (%) | Levels| Eonly (%)

EXPERIMENT_SECTION 3708 | 3686(99.4%) | 2058 | 2040 (99.1%) | 3476 | 3457 (99.5%)
INV_LAYER ' 3928 | 3918 (99.7%) 882 | 880 (99.8%) 882 | 880 (99.8%)
RHB_LAYER 2934 | 2925 (99.7%) 460 | 458 (99.6%) 472 | 470 (99.6%)
TST_LOSA 15590 | 15189 (97.4%) | 2044 | 1939 (94.9%) | 3460 |3236(93.5%)
TST_LO5B 16600 | 15298 (92.2%) | 2044 | 1943 (95.1%) | 3460 | 3247 (93.8%)
TST_ACO01_LAYER 33984 | 33749 (99.3%) | 1189 | 1176 (98.9%)] 1519 | 1505 (99.1%)
TST_PCO06 4486 | 4449 (99.2%) 575 | 573 (99.7%) 583 | 575 (98.6%)
SPS1_LAYER 1021 | 1021 (100%) 194 | 194 (100%) 5 o
SPS1_LAYER_THICKNESS 9220 1 9220 (100%) 168 | 168 (100%)
SPS2_LAYER 634 | 0621(97.9%) 155 | 155 (100%)
SPS2_LAYER_THICKNESS 7282 | 6960 (95.6%) 142 | 140 (98.6%)
SPS5_LAYER 1056 | 1056 (100%) 155 | 155 (100%)
SPS5_LAYER_THICKNESS 5057 | 5057 (100%) 102 | 102 (100%)
SPS6_LAYER 412 | 402 (97.6%) 86 | 86 (100%)
SPS6_LAYER_THICKNESS 1933 | 1933 (100%) 40 | 40 (100%)
SPS7_LAYER 135 135 (100%) 26 | 26 (100%)
SPS7_LAYER_THICKNESS 918 | 918 (100%) 24 | 24 (100%)
SPS8_LAYER 157 ) 155 (98.7%) 42 1 42 (100%)
ISPS8_LAYER_THICKNESS 2175 | 2175 (100%) 40 | 40 (100%)
|SPS9_LAYER | 4751 475 (100%) 83 | 83 (100%)

Note: A unique combination of STATE-CODE, SHRP_ID, and CONSTRUCTION_NUMBER comprises a

pavement structure.

This overview is presented a three levels to provide a complete picture:

o Record level -~ Number of records in each of the layer material and thickness tables.
e Section levdl — Number of sections having data in each of these tables.




o Pavement layer structure levd — A unique combination of STATE-CODE, SHRP_ID,
and CONSTRUCTION_NO comprises a pavement structure.

Generdly, the proportion of records a Leve E is good, ranging from 92 to 100 percent. The
percentage of records at Leve E is especidly good for the SPS*_LAYER and
SPS*_LAYER_THICKNESS tables, ranging from 96 to 100 percent, with many at 100 percent.

A summary of the data avallability assessment for LTPP supplementa sections is presented in
table 2. It is the policy of the Federd Highway Adminidration (FHWA) that records for the
supplemental sections should not be a Level E. Therefore, no Level E data availability
assessment is given in table 2.

Table 2. Data avalability assessment for layer thickness related tables
for supplementa sections.

Table Name Number of Records Nur;ber of Sections| Number of Pavement
epresented Structures
BEXPERIMENT_SECTION 853 459 853
INV_LAYER 64 12 12
RHB_LAYER 652 98 98
TST_LOSA .. 4021 458 852
TST_LOSB 4022 458 852
TST_ACO1_LAYER 1868 137 175
TST_PC06 431 - 78 78
SPS1_LAYER 126 25
SPS1_LAYER_THICKNESS 550 10
SPS2_LAYER 137 35
SPS2_LAYER_THICKNESS 1668 33
SPS5_LAYER 372 48
SPS5_LAYER_THICKNESS 1290 29
SPS6 LAYER 310 58
SPS6 LAYER THICKNESS 717 16
SPS7_LLAYER 14 3
SPS7_LLAYER_THICKNESS
SPS8_LAYER 19 4
SPS8_LAYER_THICKNESS 132 3
|SPS9_LAYER 327 55

Note: A unique combination of STATE-CODE, SHRP ID, and CONSTRUCTION-NUMBER
comprises a pavement structure.

Pavement structures that do not have any records in either table TST_L.0SA or table TST _LO5B
are liged in table 3. There are 16 regular pavement structures and 1 supplementa pavement
gructure that currently do not have any data in these tables.

For, the Level E data to be used in the subsequent evauations of the layer thickness data, a more
detailed assessment was performed to find out how many pavement layer structures have data in
these layer thickness related tables for each LTPP experiment. The results are presented in table
4 for the pavement structure records a Level E in table EXPERIMENT_SECTION. As shown,



the experiments contain data in different layer structure related tables, ranging from one table to
seven tables, with most experiments having Leve E data in four tables

Table 3. List of pavement structures that do not have any data in either the TST_LO5B table or
the TST_LOSA table a any QC level.

SHIIIP Suppl(;mental Experiment| Experiment State Code SHRP _ID
Region ? Type Number
1

®!
2

0161
0201
0202
0203
0204
0205
0206
0207
0208
0209
0210
0211
6 0212
48 B350
48 Q330
53 A809
53 AB10

Yes

[« oY Fo,¥ 10,8 Ro ] [ R Ho o8 Hor Hor¥ Hof o §V

e =t B I Bt e st Bl s Bt s B B st B e 1
njnjjhin|ti|ltiniin|lnitninijtknltnin
port | IR |t [ e = i = = = [ [ 2 e | e

OO WD [RI R RI BRI DI D[N

I0



Table4. Level E data avalability for layer thickness-related tables for LTPP experiments.

Number of Pavement Structures in Table

No. Tables with

11

LTPP Experiment b ables w
Type No. Exgzzit‘;;“‘ TST_LO5SB |TST_LO5A |INV_Layer Tf:};e‘:cm TST_PCO06 |RHB_Layer|SPS*_Layer E:perf,;:ni

G 1 327 319 317 236 234, 3
G > 202 202 202 144 142 . 6 v
G 3 148 148 146 133 12 124 5
G T 79 79 69 2 62 5
G 3 96 96 96 85 19 82 1 3
G | & 85 85 62 62 p
G 6B 113 110 109 65 75 4
G 6C 11 11 1 10 11 7
S D E 13 13 8 12 4
G 63 71 70 68 38 a1 n
G [ AT 12 2 2w ] 35 28 e
G R 45 10 45 10 b 31 S
G 7C 2 2 1 4
G 3
G 3
4

2 6
§ 2 182 182 182 142 155 4
S 3 750 746 746 375 58 4
S 4 | 135 135 135 )
S 5| 347 291 292 27 210 132 155 6
3 6 282 206 203 8 26 52 57 86 7
S 7 75 68 68 31 23 26 5
S 2 45 27 25 18 2 42 5
S 9C o 3 1
S o7 [ 40 34 34 4 15 2 20 3
3 ON 40 31 31 24 40 4
5 35 37 21 21 10 20 4

Total 3457 3240 3229 824 1504 575 470




Summary

The layer thickness data availability is very good in tables TST-LOSB and TST_IO5A, which
contain the representative layer structure and thickness information for section-level andyss.
Only 16 pavement structures from LTPP regular sections and 1 pavement structure from a
supplementa section do not have any layer structure informetion in either TST-LOSB or
TST_LOSA.

Gut of 3,457 pavement layer structures a QC Level E in table EXPERIMENTSECTION, 3,240
layers (93.7 percent) have records in table TST-LOSB and 3,229 layers (93.4 percent) have
records in table TST_LO5A. There are a sgnificant number of records in dl the layer structure
tables.

A totd of 217 pavement layer structures do not contain Level E data in table TST-LOSB. Other
thickness-related tables contain data for sdected experiment or layer types. A more detailed
summary of the SPS and Genera Pavement Studies (GPS) pavement structures that do not
contain Levd E information in the TST_LO05B table is provided below:

GPS| - 8 pavement layer structures.
GPS-4 - 1 pavement layer structures,
GPS-6B — 3 pavement layer structures.
GPS-6S — 1 pavement layer structures.
SPS-1 — 6 pavement layer structures.
SPS-3 — 4 pavement layer structures.
SPS-5 -~ 56 pavement layer structures.
SPS-6 - 76 pavement layer structures.
SPS-7 -7 pavement layer gructures.
SPS-8 — 18 pavement layer dructures.
SPS-9 — 37 pavement layer dructures.

® & o @ © @ © o ® ©& o
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3. EVALUATION OF LAYER STRUCTURE INFORMATION AND THICKNESS
DATA REASONABLENESS

Data Evaluation Overview

One of the project objectives was to identify and explain anomaous observations and provide
recommendations for layer thickness characterization for each LTPP section. The following
potentia issues related to layer thickness data were identified during the preliminary data review:

e Unusudly high or low thickness vaues for catan layers
e lack of consstency among different data sources.
o Erroneous layer types in materids testing tables.
e [Excessve vaidion in layer thickness or materid types among different locations within
a layer.
Data Sources

To fulfill this task’s objective, the layer thickness data in the following LTPP tables were
evauated for reasonableness and consistency (using cross-table comparison):

TST_LOS5B.
TST_LOSA.
TST_ACOI_LAYER.
TST_ PCO6.
INV_LAYER.
RHB_LAYER.
SPS*_LAYER.

e e @ ¢ @ e o

Table TST_ACO | and table TST_SAMPLE_LOG in the LTPP database aso contain thickness
related information. Table TST_ACO1 contains AC core thickness measurements from the field.
Table TST_SAMPLE_LOG stores infot-ma-ion about the samples taken from holes, pits, and
probes, and is a good raw data source for unbound layers. However, records in these two tables
are not keyed t o the layer numbers as stored in TST_LOSB and other above listed layer thickness
related tables (field LAYER_NO). Therefore, the thickness measurements from these two tables
can only be manudly maiched to the layers established in the TST_LO5B table. Furthermore,
some measurements span more than one layer, and thus cannot be used for any layer thickness
comparison a dl. As a result, tables TST_ACO1 and TST_SAMPLE_LOG are not included in
this evaluation. Nevertheess, these two tables can be used as raw layer thickness related data
sour ces and be consulted for layer thickness measurements on a case-by-case bass.

The main data eements related to pavement layering sructure from each of these tables are
illugrated in figure 1. Double sided arrows between the table TST_LOSB and tables TST_LOSA,
TST_ACQI_LAYER, TST_PC06, INV_LAYER, RHB_LAYER, and SPS*_LAYER

13



schematicdly show that the data eements in the later tables were compared againgt amilar data

in TST_LOS5B table.

INV_LAYER TST_LOSA
*All Iayer;, CN=1 sAll layers, a different
#Description locations
*Material type — sDescription
Mean layer thickness | I'ST 1L.OSB / *Materid  type
@Thickness statistics | *All layers *Representative  thickness :
sDescription
RHB_LAYER *Material type
oAll layers, CN>1 *Representative \ TST_PC06
*Description thickness *PCC layers .
*Materid  type °Avg. core thi c!<n_e$
*Mean layer thickness f \ *Thickness Salslics
*Thickness statistics |
SPS*_LAYER TST_ACO01_LAYER
sAll SPS layers *AC layers
*Description sDescription
*Material type *Avg. core thickness
sMean layer thickness *Thickness statistics
*Thickness statistics

Figure 1: Graph. LTPP data sources containing pavement layering data.

Essential Fields for Data Analysis

Based on the andysis of the fidds in the above tables rdaed to pavement layering dructure, the
following data dements were sdected for detailled pavement layering data examination:

DO N

Layer functional description (eq., surface, overlay, base, subgrade).
Materid type description.

Representative layer thickness.

Layer thickness variability (discussed in the next chapter).

Thee four essentid pavement layering characterigtics (schematicdly identified in figure 2 as
question marks and circled numbers 1 through 4) serve as key inputs for many types of pavement
andyses. The sdected data elements were examined and compared between different data
soutces (LTPP tables). The comparisons were done individudly for esch layer and esch LTPP
section. Additiondly, layer thickness variability indicators were examined, as discussed in

chapter 4.
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Thickness Variability

Layer
functional 2
description

Figure 2. Graph. Four essentid pavement layering characteridtics.

Andvds Steps

The data review activities caried out in this task included the following:

Sdection of pavement layering data from different LTPP data sources.

Development of a master data andyss table with the layering information from different
sources included for each pavement layer.

Evduation of condgency in layer functiond description.

Evduation of reasonableness and condgtency in materid type description.

Evauaion of reasonableness of layer thickness data and layer thickness consistency
between different sources.

Evduation of layer thickness variability indicators from different data sources (chapter
4).

Summarize evauation outcomes and identify reasons for data inconsstencies.
Preparation of feedback reports to help ensure the data issues are resolved.

The flowchart identifying different data andyds and data evaudion activities is shown in
figure 3.
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Preprocessing

Pt n mw ey e wms e Gem eon G AR BRE BN MmO SN ON0 O TGl D N W MW W Oee mom Y T o R O o ﬂﬂ»uu--n-——

i
: Step 1 — Obtain pavement layering data from Step 2 - Create a master table 1
Il different LTPP data sources for data analysis :
e ——— e —————— n
Evaluation ;
o o - o o i i =Y o e o = -

1
: Step 3 - Step 4 - Step 5- Step 6 — i
1| Consistency in | | Reasonableness Reasonableness and Variation in :
: layer and condsgtency in congstency of layer | | layer thickness |;
1 | description material type thickness data :
! .

[

Step 7 — Summarize evaluation outcomes
and invedtigate the reasons

v

Step 8 ~ Prepare feedback reports

Figure 3. Chat. Howchat for pavement layering data evauation.

In Seps 1 and 2, dl the data eements from different sources were prepared for the layer-by-layer
review for each section. Steps 3 through 5 were used to evauate information for major layer
Sructure data components available in the LTPP database. Results of step 6 are presented
separately in chapter 5. Under steps 7and 8, the anomalies or suspect dhata in the LTPP layering
information were identified, examined, and reported back to the FHWA, These activities are
discussed in more detal in the following sections.

Step 2 — Analysis Data Set

Master Table for the Pavement Lavering Data Evaluation

To andyze pavement layering information from different sources, a meder lig of al pavement
layers avaladle inthe LTPP database was created. The magter list contains the maximum
number of unique records obtained for each LTPP section, layer number, and condruction event.
These records were obtained from the INV_LAYER, RHB_LAYER, TST_L05B, TST_LO5A,
TST_ACO1_LAYER, TST_PCO06, and SPS*_LAYER tables.

Reference Table Sdection

The initid data review indicated that table TST_LO5B contains the most recent and most

complete LTPP section layering information for each layer. The main atributes of the
TST_LOS5B table are:
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Thickness data based mostly on core measurements
Representative and most accurate layer thickness
Most complete layer and materia type description
Highest number of layer records

@ e © e

A totd of 96.7 percent of the unique GPS layer records (5,938 records) and 83.8 percent of all
SPS layer records (9,360 records) were included in the TST_LLO5B table at the time of the study.
As such, TST_L05B was sdected as the target or reference table for the sdlection of analyss
components and crosstable comparison of pavement layering data. Layers not included in the
TST_LO5B table were not used in the crosstable pavement layering data analyss. These

records were examined individudly for data reasonableness and identification of anomaous
data.

Correspondence in Layer Numbering System between Different Sources

The review of the layer numbering scheme used in different tables indicated that layer
numbering is consstent among al the tables except INV-LAYER. Thus, before the layer-
related information between different tables could be compared, layers from the INV_LAYER
table were aligned with the layers from the other tebles.

To dign the INV_LAYER records, the TST_LO5B table was used as the reference. The
TST_105B table contains two fields (INV_LAYER_NO and INV_LAYER_NO2) that provide

information about the corresponding inventory layers. Based on the vaues in these fidds, severd

different scenarios are possible regarding layer correspondence between the INV-LAYER and
TST_LO5B tables. The INV-LAYER layer correspondence scenarios and consequent actions
are summarized in table 5 below.

Table 5. Evduation of Payer numbering correspondence between the INV-LAYER and
TST_LOSB tables.

- Number of Records .
Description (GPS and SPS) Action
Layer numbers are the same 2803 (72%) } Analyze
\ Layer numbers are different 488 (12%) \ Align and analyze
% INV_LAYER layers correspond to 1 TST_LO5SB 90 (2%) Analyze combined thickness \
ayer
\ Only part of INV record corresponds to TST layer \ 69(2%) \ Exclude from cross-table analysis \
\ ?rl\xsyr:tg;ER records exist but not referenced in \ 468 (12%) Exclude from cross-table analysis \
\ Total number of records in INV_LAYER ‘ 3918 (100 %), with 3381 (86 %) analyzed }

Using the scenarios outlined in table 5, 3,381 records (86 percent) with layer-rlated information

from the INV-LAYER table were adigned with the rest of the data sources.
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Data Availability for Consistency Evaluation

Based on the number of data sources available for the andyss of each pavement layer, different
data availability codes were assgned to each layer:

¢ Code |-layer-related data are available from the TST _LO5B table and one or more
other tables.

e Code Z-layer-related data are not avalable in the TST_LOS5B table but are available in
one or more of the following tables: TST_LO5A, TST_ACO01_Layer, TST_ PCO06,
INV-LAYER, RHB_LAYER, or SPS*_LAYER.

Because the TST_LO3B table was sdected as a reference table, only records with analysis data
avalability code | were used in the crosstable pavement layering data andyss. Records that
did not have a corresponding entry in TST_LOSB were reviewed individualy for data
reasonableness. Table 6 summarizes the number of records used in the andyss for each LTPP
experiment.

Table 6. Summary of the number of records used in the crosstable pavement layering andysis.

Experiment ‘ Number of Pavement Layers Analyzed
TST_ %
Type | No. | TST_LOSB | TST_L0SA T_Sg o poos. | NV | R | e
LAYER

.G 1 1460 1452 526 - 961 - -

G 2 972 971 366 - 648 29 -

G 3 516 510 13 126 455 - —

G 4 247 247 1 62 223 - -

G 5 342 342 22 84 292 4 -

G 6 1763 1725 636 - 327 877 -

G 7 555 553 111 44 171 249 —

G 9 146 145 21 48 115 12 —

S 1 1214 1162 420 - - 32 1102

S 2 693 656 — 176 - - 655

S 3 3664 3648 1065 - -~ 313 -

S 4 496 496 - = = = —

S 5 1682 1664 553 - 165 665 1612

S 6 779 746 48 55 24 159 654

S 7 282 282 — 59 - 105 208

S 8 112 104 30 ' 2 - - 91

S 19 416 401 56 34 —~ 12 | 400 |
~Total ™ 1™ 152767115041 3856 690 3381 2391147311

Notes: G = GPS experiment.
S = SPS experiment.
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Step 3 — Layer Functional Description Evaluation

The pavement layer functiond description provides information about the functiondity of a
given pavement layer, such as overlay, surface, base, or subgrade. LTPP uses a list of codes to
describe layer functional description, as shown in table 7.

Table 7. LTPP layer function description codes.

Code Description
1 Overlay
2 Seal Coat
3 Original Surface Layer
4 AC Layer Below Surface (Binder Course)
5 Base Layer
6 Subbase Layer
7 Subgrade
8 Interlayer
9 Friction Course
10 Surface Treatment
11 Embankment Layer
12 Recycled Layer

In this sudy, the vdues from the layer functiond description fidd were compared among the
following tables TST_LO5B, TST_LOSA, INV_LAYER, RHB_LAYER, TST_ACO01_
LAYER. and SPS* LAYER. The destription field in the TST_LOSB table served as a reference
for the functiond layer description information, and the description fields from the other tables

were compared againgt it.

The procedure for layer functiona description consstency evaduation is shown schemdticdly in

figure 4.
Same
7 “
Section D | LN TST_L05B TST L05A | INV_LAYER | RHB_LAYER Consistency .
463009 | 3 | Surface Layer | Surface Layer | Base Layer N/A Snsilent

3

Figure 4: Graph Example of layer functiona description congstency evauation.

The results of the layer functional description consstency evauation are summarized in table 8
and are shown in figure 5separately for the GPS and SPS sections.

Records with a functional layer description field that is inconsstent between different data
sources were reported to the LTPP data managers in feedback reports.
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Table 8. Summary of the layer functiond description consstency evaudtion.

Experiment Percentage of Records with Matching Layer Functional Description

Type | No. [TST_LO5A|TST_ACO01_LAYER|INV_LAYER|RHB_ LAYER|SPS*_LAYER
G 1 100.0% 92.8% 91.9% - -
G 2 99.9% 95.1% 92.3% 93.1% -
G 3 100.0% 100.0% 95.8% - -
G 4 100.0% 100.0% I 973% 1 - -
G 5 100.0% 100.0% 97.9% 100.0% -
G 6 99.8% 93.3% 91.7% 88.7% -
G 7 100.0% 98.2% 94.7% 83.5% -
G 9 100.0% 90.5% 90.4% 100.0% -
S 1 100.0% 86.7% - — 68.8%
S 2 100.0% - - - -
S 3 100.0% 87.0% - - 79.2%
S 4 100.0% — - - -
S 5 100.0% 96.2% - 90.9% 80.3%
S 6 100.0% 89.6% - 100.0% 74.8%
S 7 100.0% - — - 68.6%
S 8 100.0% 96.7% - - ~
S 9. 100.0% 75.0% — - 16.7%
Notes: G = GPS experiment.

S = SPS experiment.

GPS SPS

I Inconsistent Consistent_
5% 92%

Inconsistent
8%

Consistent
95%

Figure 5. Chart, Results of layer functiond description condstency evauation.

Note that in figure 5, the chart dice labeled “Inconsstent” represents the layers that had at least
one of the evauated tables with data (functiond description) inconsistent with the data in the
TST_LO5B table. Smilar satement gpplies to dl other pie charts presente d in Chapter 3.

Step 4 Material Type Reasonableness and Consistency
The materid type description is very important pavement layering information. Materid type

description data are found in tables TST_LO5B, TST_LO5A, INV_LAYER, RHB_LAYER, ad
SPS*_LAYER. Thexe data were examined to determine
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Reasonableness or validity of the materid type codes in each table.

Consistency of the materia type description from other tables with that in the TST_LOSB
table.

e Conggency of the maerid type description available in the TST_LOSA table for
different locations dong the section.

Material Type_ Reasonableness

The purpose of the reasonableness check was to evauate whether the material description code
for the layer is consagtent with the layer functiond description. For example, soil materid
descriptions are not adequate for the paved surface layers. Table 9, based on the SPS Pavement
Layering Methodology, Operationd Guide [5], was used as a primary reference for evauating
materid type reasonableness.

Table 9. Criteria for evaudion of materia code vdidity.

Layer Description Code Description Valid Material Code
1 Overlay 01-08, 13, 16-20, 90
2 Seal Coat 71-73, 74-85
3 Original Surface Layer 01-08, 17-20
4 AC Layer Below Surface (Binder Course) 01,03,13,20
5 Rase Layer 302-310, 319-350, 21-49°
6 Subbase Laver 302-3 10,3 19-350
7 Subgrade 100-178, 200-294, 51-65°
8 Interlayer 71-80, 85, 81-84°
9 Friction Course 02,20
10 Surface Treatment 11, 12, 20, 82°
1 Embankment Layer 100-178, 200-294, 51-65~

Notes: ' For SPS-7 only.

* Based on Appendix A of LTPP Data Collection Guide. [2]
3 Based on reference. [27]

While most of the records had valid materid codes, some records in the evalu ated tables had
material codes different from those specified in table 9. Table 10 provides a summary of the
records with identified erroneous materia codes. Addition ally, some records were missing
material codes. The identified records were reported to the FHHW A in the data
anaysisoperations feedback report.
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Table 10. Summary of the records with erroneous material codes.

Table Name Number of Erroneous Total Number of Pe-zrcentage of Records

Records Records with Erroneous Codes
TST_LG5B- 53 15,298 0.35%
TST_LO5A 49 15,189 0.32%
RHB_LAYER 99 2,841 3.48%
INV_LAYER 368 3,918 9.39%
SPS1_LAYER L 1,021 0.10%
SPS2_ILAYER. 0 621 0.00%
SPS5_LAYER 18 1,056 1.70%
SPS6_LAYER 13 402 3.23%
SPS7_LAYER 135 5.93%
SPS8_LAYER 2 155 1.29%
SPS9_LAYER 31 475 6.53%
Total 642 41,111 1.56%

Materid Type Condsency among Different Tables

To evauate consstency between materid types reported in different tables, LTPP materia code
ligts were reviewed firs. Two sats of materiad codes are used in the LTPP database to describe

materia types in the testing tables (TST_LOSA and TST_LOSB tables) and in inventory-type
tables (induding INV_LAYER, RHB_LAYER, and SPS*_LAYER tables) in the LTPP
database. As a result, for some layers, materia type descriptions in tables TST_L.O5B and
TST_LOSA do not have exact corresponding materiad type descriptions in tables INV_LAYER,
RHB-LAYER, and SPS*_LAYER. For these layers, manud reviews of individud layer

descriptions and enginesring judgment are necessary to identify whether the materid
decriptions from different tables are consstent (or smilar enough).

Correlated materiad codes need to be formulated to evaluate the consstency in materid data from
al LTPP tables containing materid types, For the materia type codes that do not have the exact
same descriptions, “smila” materid groupings were developed to corrdlate materid codes in the
inventory tables and materid codes in the testing tables. The reasoning for the assgnment of
different materid categories is summarized beow for different materid types.

Smilar Material Type Grouping for Base and Subgrade Materials

The AASHTO dassfication system [28] was consdered the best way to group “smilar” soil or
granular materids. For example, clayey materids were grouped as “‘clayey soils” as per the
AASHTO group classification A-6 and A-7. The same criteria were gpplied to other typica soil
types, such as gravels (A-l, A-2), slty soils (A-4, A-5), sand (A-l, A-2), clayey sand (A-2), Sty
gravel (A-l, A-2), and dlty sand (A-2). In addition, the following criteria were applied:
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e Stone and rock materids were assgned in two different categories to differentiate
between rock that is entrapped and stone or cobbles that are loose unbound aggregate
paticles no longer intact in their origind formation. [29]

e Limerock and caliche were grouped into an individual category because of their specific
characterigtics (i.e,, used only in very specific parts of the country, such as Horida) that
differentiate them from typica embedded rock.

e Soils that are trested in some manner were grouped as “sabilized subgrade soil,” and the
same criteria were gpplied to create a group of “dabilized base materias,” which includes
s0il cement and aggregete mixtures. [30]

e Textiles and geo-grid products cannot be defined as materias in the common sense, but
they are part of the pavement system. These materids were grouped as “geomaterids.”

» Processed aggregates such as crushed aggregates and stone should not be grouped with
natura-occurring gravelly subgrade soils, therefore, a new group caled “processed
granular base materids’ was defined.

® The “fine soil” and “unbound base/subbase’ groups were combined in a new similar
group denoted “subgrade soils’ that includes fine, unbound/untreated soils. Although
some fine-grained soils are grouped as ‘“subgrade soils,” little information about the
material properties can be conveyed by the exiging definition.

Similar Material Type Grouping for Asphalt Concrete Materials

The bagis for grouping “Smila” asphdt concrete materiads included a decison-tree process. The
materids were firg digned by mixture gradation (sand, open- or dense-graded) as a firgt filtering
step. The method of production (hot- or cold-laid) was the second criterion used to distinguish
asgphdt groupings. Recycled asphat concrete, maintenance sed coats, and specid plant mixes
(emulsons, cutbacks) were retained in individud groupings. [27]

The table of new corrdated groupings of “sSmila” materids and corresponding material codes
from inventory and testing tables is presented in appendix A.

Material Type Consistency Criteria

To test the consistency of materid type data between different tables, the TST_LOSB table was
used as the reference for materid type description information. The materid type description
data from other tables were compared againgt it using the criteria outlined in table 11 below.
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Table 11. Materid type consstency criteria

— i Evaluation
Criteria Name Description Code
Consistent Material type descriptions are the same. 0
Similar Material types are similar based on a broad material categories developed for |

geological materials using the dominant material component(s).
Inconsistent Material type descriptions are different. 2
Material types cannot be evaluated because no material codes are availablein
Not evaluated one of the tables that make comparison pair (or if material typeisavailable | 3
| only at one location for “along the section” consistency test). |

Figure 6 shows schematicdly the testing procedure used for evauaion of consstency in the
materid type description between different tables.

Not evaluated

——Similar
| ] |
Section ID | LN TST_LO5B TST_LOSA INV_LAYER | RHB_LAYER
29_5393 | 1 | Gravelly Lean Clay | Lean Inorganic Clay Silt N/A

Figure 6. Greph. Example of evduation of layer materid type condgtency between different
tables.

The results of layer materid type condstency evaduation between different data sources are
summarized in table 12 and figure 7, separatdly for GPS and SPS sections.
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Table 12. Summary of the layer materid type condstency evauation.

Experiment Percentage of Layers with Layer Material Type Records Matching with Records in
TST_LO5B
Type| No. TST_LOSA INV_LAYER RHB_LAYER SPS* LAYER
Exact | Similar Exact Similar Exact Similar Exact Similar

G 1 98.9 0.6 32.6 394 - - - -
G 2 99.0 0.7 41.0 25.8 40.0 20.0 - —
G 3 98.2 1.0 41.1 24.5 - — - —
G 4 97.6 1.6 37.6 25.3 — - - -
G 5 98.8 0.6 36.6 25.3 - - — -
G 6 99.6 0.2 46.4 26.9 70.3 10.3 — —
G 7 98.1 1.1 43.8 31.4 61.4 114 - e
G 9 98.6 0.7 45.2 20.9 - — - -
S 1 99.9 0.0 - — - 359 374
S 2 99.6 0.0 — - ~ 24.0 56.5
S 3 95.6 1.5 - 53.0 23.2 - -
S 4 100.0 0.0 - — - - -
S 5 100.0 0.0 55.2 33.3 73.1 34 424 29.8
S 6 98.9 0.5 66.7 33.3 64.9 12.2 30.7 313
S 7 1. 986 .. 14 - 63.1 33.8 24.0 47.1
S 8 | .100.0 . 0.0 — - - 34.1 38.5
S 9 99.5 0.0 ~ 25.0 0.0 33.0 311

Notes: G = GPS experiment.

S = SPS experiment.
GPS SPS

Consistent
or similar
81%

. Consistent §
Inconsistent

19%

or similar 2}
78%

Inconsistenit
22%

Fgure 7. Chart. Results of layer materid type condsency evauation between different data

of feedback reports.

Material Type Consistency along the Section

Sources.

Records with incondstent materia codes were identified and reported to the FHWA in the form

Table TST _LOSA contains information about layer materid types evaluated at up to three
locations (the beginning, the middle, and the end) dong the LTPP section. In this task, the
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congstency of the materia type dong the LTPP section was evduated using the process shown
schemdicdly in figure 8.

1—— Similar: Clayey Soils —-1

SectionID | CN | LN Beginning Middle End

47 3108 2| 1] Sandy Lean Clay | Gravelly Silt Sandy Lean Clay with Gravel
& - [
e [1CONSISTEN ommemd

Figure 8 Grgph. Example of evduation of layer materid type condstency dong the section.

In the TST_LOS5A table, 5,795 GPS records (97 percent of al GPS records) and 2,581 SPS
records (28 percent of al SPS records) had layer materia type information for more than one
location dong the section. The evduation results of layer materid type consstency dong the
section are summarized for GPS and SPS sections in table 13 and figure 9.

Table 13. Summary of the layer materid type condstency evduation dong the LTPP section
length (TST_LOSA table).

Experiment Percentage of TST_LO5A Lagée(r:ts with Material Types along the
ion
Type Nao. Consistent Similar Inconsistent
G 1 87.0 4.8 8.2
G 2 89.4 3.0 7.6
G 3 88.2 5.1 6.7
G 4 84.7 5.6 9.6
G 5 87.5 5.2 7.3
G 6 89.9 3.7 6.5
G 7 914 4.0 4.6
G 9  88.2 3.5 - 8.3
S 1 99.3 0.0 0.7
S 2 96.3 0.5 32
S 3 99.9 0.0 0.1
S 4 e — —
S 5 99.9 0.1 0.0
S 6 98.1 0.9 0.9 |
\ 5 |7 $3.G 4 0.0 i
s 8 | 06.2 38 0.0 \
E 9 | 85.5 3.4 112 |
Notes: G = GPS experiment.
S

SPS experiment.
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GPS SPS

Consistent S . Inconsistent Consiste nt
89% AN 0 98% A
% @ Inconsistent

: 1%

Similar
4%

Similar
1%

Figure 9: Chart. Reaults of layer materid type consstency evaduation dong the section.

Step 5 — Reasonableness and Consistency of Layer Thickness Data

Evduation of the layer thickness data was one of the most important activities under this project.
Layer-specific thickness data are found in the following tables TST_LOSB, TST_LOS5A,
TST_ACO1_LAYER, TST_PCO06, INV_LAYER, and RHB_LAYER, SPS*_LLAYER, aud
SPS*_ILLAYER_THICKNESS.

The layer thicknesses in the SPS*_LAYER_THICKNESS tables are reported for  different
locations adong the section; these data are grouped by layer type (surface, base, etc.) and materia
type (AC, PCC, aggregate) categories, rather than using the LTPP consecutive layer numbering
scheme. The SPS*_LAYER tables contain the summary information from the
SPS*_LLAYER_THICKNESS tables.

The TST _LOS5A table contains layer thickness measurements obtained at up to three locations
(the beginning, the middle, and the end) dong the section.. These data serve as a source for
representative layer thickness values reported in the TST_LOSB table.

The TST_PCO06 table contains layer thickness measurements for PCC layers obtained using.
individua pavement core samples. The TST_ACOI_LAYER table contains layer thickness
measurements for AC layers obtained using individua pavement core samples.
The layer thickness data from the above tables were andyzed to determine:
e Reasonableness of the thickness data
e Consistency of the thickness data with the representative thickness data in table
TST_LOSB.

Reﬁsonableness of the Laver Thickness Data

To evaluate reasonableness of layer thickness data, representative layer hickness ranges were
determined for different layer types. The criteria specified in SHRP-L TPP Interim Guide for
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Laboratory Materials Handling and Testing (PCC, Bituminous Materials, Aggregates and Soil),
Operational Guide No. SHRP-LTPP-OG 004 [3] (SHRP-LTPP Lab Guide), were used to et
reasonable layer thickness ranges based on the layer description codes, as shown in table 14.

Table 14. Thickness ranges used for reasonableness checks.

Layer
Description Description Range (mm) Range (inches)

Code
1 Overlay 13 -229 05-9
2 Seal Coat - 3-38 0.1-1.5
3 Original Surface Layer 13-330 0.5-13
4 AC Layer Below Surface (Binder Course) 13 -254 0.5-10
5 Base Layer 25-610 1-24
6 Subbase Layer 76— 1217 3-479
7 Subgrade N/A N/A
8 Interlayer 3-152 0.1-6
9 Friction Course 3-64 0.1-25
10 Surface Treatment 3--38 0.1-1.5
11 Embankment Layer 76 - 1217 3-479
12 - Recycled Layer N/A N/A

The SHRP-LTPP Lab Guide [3] does not provide guidance for the representative thicknesses of
the prepared subgrade and recycled layers. Also, only a few records had subgrade thickness data
in the LTPP database. Thus, thickness reasonableness was not evauated for the subgrade and
recycled layers. Layer description codes from each table were used as a reference to obtain
reasonable thickness ranges for different layers listed in table 14. Based on the representative
layer thickness ranges, minimum and maximum thickness values were determined for esch layer

type.

The TST_PC06 table does not contain a fidd with layer functiond description. To evauate
reasonableness Of representetive layer thicknesses reported in this table, the Bayer functional
description from the TST_I.05B table was used for the corresponding records. Thicknesses for
the layers from the TST_PCO06 table that did not have matching layer numbers in the TST_ 1.05B
table were not evauated for reasonableness.

The TST_LOSA table could contain thickness measurements a different locations.
Reasonableness of layer thicknesses at dl locations was evauated in the sudy. If at least one
out of the possble three layer thickness measurement values was outsde of the reasonable
thickness range for a given layer type, the layer was Wagged as one with unreasonable layer
thickness.

Table 15 provides the Payer thickness reasonableness evauation results grouped by LTPP table
name and experiment type.
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Table 15. Summary of the layer thickness ressonableness evaluation results.

Experiment Percentage of Layers with Reasonablel Layer Thickness

Type | No. | TST_LO5B | TST_L05A T_SLT AC rst_poos| [N | SEE. L SRS
G 1 98.3 97.3 98.8 - 98.9 - -
G 2 98.2 96.2 - 99.7 - 99.5 100.0 -
G 3 8.9 96.8 100.0 98.4 98.6 — —
G 4 100.0 97.6 100.0 100.0 99.4 - -
G 5 99.6 98.8 100.0 100.0 99.1 - -
G 6 95.3 93.9 99.1 - 99.1 98.4 100.0
G 7 98.1 97.5 100.0 160.0 100.0 99.3 100.0
G 9 89.1 85.3 100.0 77.1 91.6 - -
S 1 99.8 99.8 100.0 — - 100.0 99.7
S 2 994 99.4 - 100.0 - - 99.2
S 3 98.4 98.4 99.3 - - 97.8 -
S 4 100.0 100.0 - - 100.0 - -
S 3 932 930 OR7 - 982 990 92.0
S 6 99.1 100.0 100.0 100.0 100.0 97.1 100.0
S 7 100.0 100.0 - 88.1 92.3 100.0 85.2
S 8 9758 975 100.0 100.0 ae - Q7 4
S 9 096.7 96.3 - 100.0 100.0 55.6 96.2

Nate: ' Bassd on the criteria from the SHRP-LTPP Lab Guide. [3]

G = GPS experiment.
S = SPS experiment.

As a result of the layer thickness reasonableness evauation, al thickness values outsde the
acceptable thickness ranges were identified and reported to the FHWA for review.

Laver Thickness Data Consistency

One of the objectives of the study was to evaduate the consstency between section-level layer
thickness vaues avalable from different data sources (tables). Section-level layer thickness
vaues could be found in the following LTPP tebles TST _LOS5SB, INV_LAYER, RHB_LAYER,
and SPS*_LAYER.

In addition, table TST_I.05A contains layer thickness vaues a up to three different locations
adong the section (beginning, middle, and end) and serves as a source of the representative layer
thickness vadues induded in the TST_LOSB table. Layer thickness data from the TST_LOSA
table was consdered consstent with the data from the TST_LOSB table if at least one of the
possible three thickness vaues in the TST_LOSA table passed the consstency test. This criterion
is based on the procedure for determination of the representative layer thickness, as explained in
the SHRP-LTPP Lab Guide. [3]

TablesTST_ACO1_LAYER and TST_PC06 contain layer thickness measurements obtained
from the pavement cores teken at different locations dong the section. These measurements
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were used to compute representative layer thicknesses for the records included in the
TST_ACO1_LAYER and TST_PCO06 tables.

To evduate the consstency of the layer thickness data from different sources, the criteria for
dlowable differences in layer thickness were developed first. The criteria were based on the
layer thickness consstency vaues utilized in the SHRP-LTPP Lab Guide [3]. The vadues
reported in the guide were developed for evauating layer thickness consstency between the ends
of the LTPP section (i.e, between minimum and maximum vaues). The comparison carried out
in this sudy is between the representative or “average’ thickness vaues obtained from different
data tables. Based on the difference in the data atistics used in the current study compared to
the andyss outlined in the operationd guide (“‘range’ versus “average’ vaue comparison), the
dlowable differences used in the current study were reduced by hdf for the comparison of the
average thickness vaues. The representative thickness data in table TST_LO5SB were used as a
reference for the comparison with the representative thicknesses in the other tables.

Table 16 provides a summary of the alowable differences between representative layer
thicknesses that were used in this study to evaluate layer thickness data consstency between
different tables. Figure 10 schematicdly shows the procedure used for evauation of consstency
in layer thickness data between different tables.

Table 16. Criteria used for evauation of layer thickness consgtency between different tables.

T L Materials Layer Type Code from | Layer Thickness from Allewable Difference in
ype of Layer Materials, TST_LO5B TST_LOSB (h), mm Layer Thickness, mm
<203 38%14 = 19
PCC FC 5203 50.8%15 = 25.4
L <51 0.5*%h*¥4 = 0.25*h
Bituminous AC >51 0.3*h*1 = 0.15%h
Bound Base or Subbase TB, TS Any 0.3*%h*¥ = 0.15%h
Unbound Base or Subbase GB, GS Any 0.5%h*V2 = 0.25%h
Thickness
. Layer -
| SectionID  CN | LN } ., from from Difterence | CONSistency
TST_L058 | RHB_LAYER criterion
L17_7937 2 2 GB 8 4 8-4=4 0.25%*8=2
L E 1 nUnacceptabEej

Figure 10: Graph. Example of evauaion of Payer thickness consstency between different data
tables.

For thin AC layers (less than 51 mm), if the dlowable difference computed usng formula
provided in table 16 was less than 2.5 mm (0.1 inch), the value of 2.5 mm was used as a criterion
for evauation. This decison is based on the fact that layer thickness vaues are recorded in the
IMS database to the nearest one-tenth of an inch.
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Layer thickness consistency for the subgrade or engineering fabric layers were not evauated
because no comparison criteria for these layers were established. Additiondly, if layer thickness
in the TST_L.05B table was marked as 999.9, no comparison with the corresponding layer
thicknesses from the other tables was carried out. A thickness vaue of “999.9” indicates that
there is a congderable difference in pavement thickness vaues between section ends, so that no
representative thickness value could be established.

Representative layer thickness values were obtained from different data tables and compared
with the representative thickness data in table TST_L.05B. The outcome of the thickness data
condstency evauation is summarized in table 17 and figure 11 separatdly for GPS and SPS
sections.

Table 17. Summary of the layer thickness consstency evauation results.

Experiment Percentage of Layers with Consistent Layer Thickness

Type |No.| TST_Losa | T52C0L | TST P06 | Ny LAYER |RHB_LAYER G
G 1 99.8 97.7 - 73.2 ~ -
G 2 100.0 97.0 - 72.7 87.5 -
G 3 1000 100.0 100.0 79.5 - -
G 4 100.0 100.0 100.0 83.3 ~ -
G 5 100.0 100.0 100.0 '81.0 - -
G 6 99.9 90.6 - 63.2 60.6 -
G 7 99.8 96.4 97.7 73.1 68.9 -
G 9 100.0 94.7 95.8 69.7 - -
S 1 99.9 R0.1 — - - 90.8
S 2 99.6 — 50.3 — - 87.7
S 3 99.5 38.0 - - 48.8 -
S 4 1000 — - — - —
S 5 98.7 91.7 - 74.3 61.8 62.8
S 6 98.7 93.8 100.0 87.5 69.8 82.0
S 7 97.6 — 84.7 ~ 93.9 63.1
S 8 100.0 93.3 100.0 - - 93.8
S 9 100.0 76.8 94.7 - 0.0 72.9

Notes: ! Based on the criteria from the table 16.

G = GPS experiment.
S = SPS experiment.
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Figure 1 1: Chart. Results of layer thickness consstency evauation between different data
SOUICes.

Records with layer thickness differences between the tables exceeding the vaues shown in table
16 were reported to FHWA.

Step 7 - Evaluation Qutcome Summary and Resolution

The anomdies, suspect data, and inconsigent information found during the pavement layering
data evauation are described below, dong with a discusson of possible causes of ther
occurrence, Corrective or remedia measures taken to address these data issues are aso
discussed. Identified layer thickness data issues were reported to the FHWA for data resolution
in numerous L.TPP Daa Anayss and Operations Feedback Reports (feedback reports).

1. Inconsgtent T.ayer_Descriptions

A totd of 1,067 records had layer functiond descriptions different from the description provided
inthe TST_LO5B table-304 records from GPS experiments and 763 from SPS experiments. A
feedback report was generated and sent to the FHWA for the data in these records.

2. Erroneous Materia Type

Daa evduation of materid and layer functiond description codes indicated that, in some
indances, the materid description codes for the layer were inconsstent with the layer functiona
descriptions. For example, soil materia descriptions were used for the base layers. This means
that ether the materid code or the Payer functiond description code is incorrect. The summary
of records with invalid materid codes for specified functiond Bayer type is provided below:

53 layers out of 15,298 layers in the TST_LOSB table.
49 layers out of 15,189 layers inthe TST_LO5A table.
99 Payers out of 2,841 layersin the RHB_LAYER table.
368 out of 3,918 layersin the INV_ILAYER table.

1 Payer out of 1,021 layers inthe SPS1_LAYER table.
0 layers out of 621 layers in the SPS2_LLAYER table.

@ ¢ © © @ @©

32



18 layers out of 1,056 layers in the SPS5_LAYER table.
13 layers out of 402 layers in the SPS6_LAYER table.
8 layers out of 135 layersin the SPS7_LAYER table.

2 layers out of 155 layers in the SPS8_LAYER table.
31 layers out of 475 layers in the SPS9_LAYER table.

In addition, materia or functiona layer description codes were missng for some records. A
feedback report was generated and sent to the FHWA for the data in these records.

3: Different Material Type Coding Schemes

The review of materid type data used to describe different pavement layers showed
inconsgencies in the materid naming conventions and materia codes used in the teding tables
and in inventory-type tables (induding INV_LAYER, RHB_LAYER, and SPS*_LAYER). Asa
result, for some layers, materid type descriptions in tables TST_LO5B and TST_LOSA do not
have exact corresponding maerid type descriptions in tablesINV_LAYER, RHB_LAYER, and
SPS*_LAYER. There are no established reference criteria that could be used to determine
whether material types in the dbove tables are Smilar or dgnificantly different.

As a remedial action, a materids expert was contacted to develop a methodology for evaluation
of materid code compatibility. As a result, a table of correlated materiad codes was created to
enable crosstable comparison of the materid codes between inventory-. and testing-type tables.
The results are presented in gppendix A.

4: Inconsgent Materia Types

A substantia number of records from the SPS* LLAYER, INV_LAYER, and RHB_LAYER
tables had materid types sgnificantly different from those specified in the TST_LOSB and
TST _LOSA tables, as summarized beow.

INV_LAYER Table
® GPS experiments—3 1.5 percent (990 of the 3,147 layers with materia codes) had
inconsgtent materiad  types.
o SPS experiments-10 percent (19 of the 189 layers with material codes) had inconsstent

materiad types.

RHB_LAYER Table:
o GPS experiments-22 percent (100 of the 455 layers with materia codes) had
incondsgtent materiad types.
e SPS experiments-22 percent (147 of the 655 layers with materid codes) had
inconagent materid  types.

SPS*_ILLAYER Tables
o SPSI| experiment—27 percent (294 of the 1,102 layers with material codes) had
inconagent materid  types.
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e SPS-2 experiment-19.5 percent (128 of the 655 layers with materia codes) had
inconsdgtent materid types.

& SPS5 experiment-28 percent (449 of the 1,612 layers with material codes) had
incondstent materid types.

s SPS-6 experiment-38 percent (248 of the 654 layers with materid codes) had

incondstent materid types.

SPS-7 experiment-29 percent (60 of the 208 layers with materia codes) had

inconagent materid types.

e SPS8 expeiment-27.5 percent (25 of the 91 layers with materiad codes) had
incondgtent materid types.

e SPS9 experiment-36 percent (147 of the 409 layers with materid codes) had
incondstent materid types.

Some of these inconsstencies could be explained by different materid coding liss used in these
tables. In some ingtances, it was difficult to establish materid “sSmilarity.” In other cases, more
than one layer with different materid codes in the INV_LAYER table corresponded to a single
layer in the TST_LOSB table. Identified problems were reported to the FHWA in the form of
feedback reports.

5. Unreasonable Thickness Vaues (Outsde the Recommended Range)

The LTTP materid testing guide provides typical thickness ranges for most layer types. [3]
These vaues were compared with entries in the TST_LO05B, TST_LO5SA, TST_ACO1_ LAYER,
TST_PCO06, INV_ LAYER, RHB_ LAYER, and SPS*_LLAYER tables. Records that fall
outsde the recommended range are summarized below for each table.

TST_105B Table
e GPS expeiments-2.7 percent (125 of the 4,639 layers with thickness data) had
thickness vaues outsde the recommended thickness range.
o SPS experiments-2.2 percent (164 of the 7,399 layers with thickness data) had thickness
values outside the recommended thickness range.

TST_LOSA Table
o GPS experiments—4.1 percent (192 of the 4,638 layers with thickness data) had
thickness values outsde the recommended thickness range (leest a one location dong the
section.)
® SBS experiments—2.5 percent (1 18 of the 4,777 Payers with thickness data) had thickness
vaues outsde the recommended thickness range (et least one location aong the section.)

Computed Representative Vaues based on the TST_ACO1__ LAYER Taole
e GPS experiments-XI.7 percent (10 of the 1,364 layers with thickness data) had thickness
vaues outsde the recommended thickness range.
o SPS experiments-0.8 percent (12 of the 2,903 layers with thickness data) bad thickness
vaues outside the recommended thickness range.

Computed Representative Values based on the TST_  PC06 Table:
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® GPS expaiments-36 percent (13 of the 364 layers with thickness data) had thickness
vaues outsde the recommended thickness range.

e SPSexperiments—2.3 percent (7 of the 3 11 layers with thickness data) had thickness
vaues outsde the recommended thickness range.

INV_LAYER Table
e GPS experiments|.2 percent (32 of the 2,694 layers with thickness data) had thickness
vaues outsde the recommended thickness range.
s SPS experiments|.5 percent (5 of the 344 layers with thickness data) had thickness
values outsde the recommended thickness range.

RHB_LAYER Table
o (PS expeaiments|.5 percent (7 of the 470 layers with thickness data) had thickness
vaues outsde the recommended thickness range.
o SPS experiments-2.0 percent (15 of the 732 layers with thickness datad) had thickness
vaues outsde the recommended thickness range.

SPS*_LAYER Tables:

e SPS-1 experiment-O.3 percent (3 of the 928 layers with thickness data) had thickness
values outside the recommended thickness range.

e SPS-2 exﬁériment——o.s percent (4 of the 532 layers with thickness data) had thickness
values outsde the recommended thickness range.

e SPS-5 experiment—8.0 percent (156 of the 1,953 layers with thickness data) had
thickness vaues outsde the recommended thickness range.

e SPS6 experiment-O percent (O of the 8 11 layers with thickness data) had thickness
vaues outsde the recommended thickness range.

e SPS-7 experiment—14.8 percent (32 of the 216 layers with thickness data) had thickness
values outside the recommended thickness range.

e SPS-8 experiment—2.6 percent (3 of the 114 layers with thickness data) had thickness
values outside the recommended thickness range.

e SPS9 experiment-3.8 percent (24 of the 630 layers with thickness data) had thickness
vaues outsde the recommended thickness range.

No remedia action was teken for the identified records. However, comment codes were

assigned in the analysis summary table to the records containing such data. A feedback report
was submitted to the FHWA for further data review. If the review of data sources would indicate
that the reported thickness values are “true’ data, we recommend adding a comment field to the
relevant layer thickness tables explaining the reason for the unusua layer thickness

In addition, in the RHB_LLAYER table, thickness vaues of 0.0 are used to identify:
e Thin layers (friction course, surface trestment, seal coat) with a thickness that cannot be

established.
e Removed layers.
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This creates some confuson because it is unclear whether the layer is removed or whether it is
too thin to establish representative thickness. In the future, it is recommended to use a minimum
thickness of 3 mm (0.1 in) for thin layers instead of 0.0 to differentiate between “removed” layer

and exiding thin layers (with thicknesses too smdl to determine).

6. Incondsent Thickness Vaues

Based on the criteria established in table 11 in this report, layer thickness values were compared
with the vaues in the TST_LOSB table. Records that had layer thickness values sgnificantly
different from those reported in TST_LO5SB are summarized below.

TST_LO5SA Table
o GPS experimentsO.09 percent (4 of the 4,612 layers with thickness data) had thickness
values Sgnificantly different from those in the TST_L0S5B table & dl locations dong the
Section.
e SPS experiments-O.7 percent (33 of the 4,721 layers with thickness data) had thickness
vaues dgnificantly different from those in the TST-LOSB table a dl locations dong the
Section.

Computed Representative Vaues based on the TST_ACO1_ LAYER Table
e GPS experiments-5.2 percent (86 of the 1,670 layers with thickness data) had thickness
vaues sgnificantly different from those in the TST_LOSB table.
s SPS experiments-12.7 percent (272 of the 2,144 layers with thickness data) had
thickness vdues sgnificantly different from those in the TST_LOSB table.

Computed Representative Vaues based on the TST PCG06 Table:
e GPS experiments-O.8 percent (3 of the 364 layers with thickness data) had thickness
vaues dgnificantly different from those in the TST_LO5B table.
e SPS experiments-8.7 percent (27 of the 3 11 layers with thickness data) had thickness
vaues sgnificantly different from those in the TST-LOSB table.

INV_LAYER Tadle
e GPS experiments-26.0 percent (612 of the 2,355 layers with thickness data) had
thickness vaues sgnificantly different from those in the TST_LO05B table.
e SPS experiments-24.4 percent (38 of the 156 layers with thickness data) bad thickness
vaues significantly different from those in the TST-LOSB table.

RHE_LAYER Table:
e GPS experiments-36.4 percent (147 of the 404 layers with thickness data) had thickness
values dgnificantly different from those in the TST_LOSB table.
o SPS experiments-38.5 percent (196 of the 509 layers with thickness data) had thickness
vaues dgnificantly different from those in the TST-LOSB table.

SPS*_LAYER Tables

o SPS-1 experiment-9.2 percent (79 of the 859 layers with thickness data) had thickness
values dgnificantly different from those in the TST_LOSB table.
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o SPS-2 experiment-123 percent (61 of the 497 layers with thickness data) had thickness
vaues ggnificantly different from those in the TST-LOSB table.

e SIPS-5 experiment—37.2 percent (493 of the 1,325 layers with thickness data) had
thickness vaues sgnificantly different from those in the TST-LOSB table.

e SPS6 expeiment-l 8.0 percent (88 of the 488 layers with thickness data) had thickness
vaues sgnificantly different from those in the TST_LO5B table.

o SPS-7 experiment-36.9 percent (58 of the 157 layers with thickness data) had thickness
vaues dgnificantly different from those in the TST-LOSB table.

e SPS8 experiment-6.2 percent (4 of the 65 layers with thickness data) had thickness
vaues sgnificantly different from those in the TST_LOSB table.

e SIPS9 experiment-27.1 percent (88 of the 325 layers with thickness data) had thickness
vaues dgnificantly different from those in the TST_LO05B table.

No remedid action was taken for the identified records. However, comment codes were
assgned in the andyss summary table to the records containing such data A feedback report
was submitted to the FHWA for further data review.

7: Multiple Records in the RHB LLAYER Table

A number of layers in the RHB_ILAYER table had multiple records for the same layer and
congtruction number. Only records with the most recent “date complete” were used in the
andyss. A feedback report identifying multiple records in the RHB_LAYER table was
submitted to the FHWA.

8. Missng Records in the TST L05B Table

Anayss of the data indicated that the TST-LOSB table is the most complete source of layer
thickness information. However, there are ill 203 (3.3 percent) GPS layers and 1,813 (16.2
percent) SPS layers available in the other tables that are not included in the TST _LOSB table.
Layers that are availdble in a least one of the following tables but not avalable in TST_LO5SB
Levd E release 11.5 version NT3.8 were reported to the FHWA: TST_LOS5A,
TST_ACO1_LAYER, TST_PC06, RHB_LAYER, and SPS*_LAYER.

There are 468 (12 percent) records in the INV_LAYER table that are not referenced in the
TST_LOS5B table. These records were reported to the FHW A for data review.

37



Summary of Pavement Layering Data Evaluation

The reaults of the pavement layering data evaluation were assessed to determine the congstency
of pavement layering information between different sources. In addition, within-section layer
materid type consstency and materia type reasonableness were evaluated usng sdlected tables
where these parameters were available,

The consstency of pavement layering data between different sources was evauated for three
data categories:

o Layer functiona description
e Materid type description
e Representative layer thickness

In this evaduation, data pertinent to the layer functiona description, layer thickness, and layer
materia type were obtained from multiple LTPP data tables for each pavement layer and each
LTPP section. The data were reviewed to determine consstency between multiple data sources.
A Payer was congdered to have conggtent information between different data sources if adl the
tables containing pertinent information had the same deta for this layer. The only exception to
this rule was allowed for evaluation of the layer materid types. If materid type records from
multiple data sottces had a “similar” materiad type, as identified in table 66 of appendix A, these
records were considered “consistent.” This exception was used to accommodate the comparison
between the vaues from the tables utilizing different material classfication codes (i.e, materid
codes for testing versus material codes for inventory tables)

If there was inconsstency in data from one or more data sources, a layer was flagged for further
review. Inconsistencies in pavement layering data were reviewed and reported to the LTPP data

managers in the form of data anaysis/operations feedback reports, dong with recommendations
for data anomay resolution.

Table 18 contains summary results for the pavement layering data consstency evauation for
each LTPP experiment.

Additiondly, reasonableness (or vdidity) of materid type description was evaduated. The
purpose of the reasonableness check was to evaluate whether the material description code for
the fayer is condgent with the layer functiond description. While most of the records hed vaid
material codes, 642 records out of 41,11 1 (1.56 percent) had erroneous mate:rial codes, and some
records were missng materid codes. The identified records were reported o the FHWA in the
data analysis/operations feedback report.

Reasonableness of Bayer thickness data was evaduated using representative layer thickness ranges
specified in SHRP-LTPP Lab Guide 3], As a result of the layer thickness reasonableness

evaluation, thickness vaues outside the representative thickness ranges were identified and
reported to the FHWA for the data review.
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Table 18. Summary of layering data congstency evduation for each LTPP experiment.

Experiment Number (percentage) of Pavement Layers Analyzed
Type| No. La);:sf;;ptcit(;ﬁnal Material Type Description Rep re;;iilzakt:zzsLayer
Consistent |[Inconsistent| Consistent [Inconsistent] Consistent | Inconsistent
G 1 1410 (96.4%) 53 (3.6%) 1180 (81.6%) | 266 (18.4%) | 933 (82.1%) | 203 (17.9%)
G 2 927 (95.4%) 45 (4.6%) 748 (77.8%) | 214 (22.2%) | 622 (81.1%) | 145 (18.9%)
G | 3 | 496(96.7%) | 1733%) | 35469%) | 159(31%) | 306 (82.5%) | 65 (17.5%)
G 4 243 (98.4%) 4 (1.6%) 165 (66.8%) 82 (33.2%) 143 (85.1%) 25 (14.9%)
G 5 336 (98.2%) 6(1.8%) 231(67.5%) | 111(32.5%) | 209 (84.3%) | 39 (15.7%)
G |6 | 1583.092.8%) | 122(72%) | 1539 (91.2%) | 148 (8.8%) | 1160 (82.1%) | 253 (17.9%) |
G T 7 | 90014%) | 46(86%), | 452 (845%) | 8 (155%) | 352 (82.1%) | 77 (179%) |
G | 9 [ 129021%) | 11(79%) | 101 (72.1%) | 39 (27.9%) 84 (75%) 28 (25%)
S 1 1138 (93.7%) | 76 (6.3%) 872 (74.8%) | 294 (25.2%) | 794 (84.3%) | 148 (15.7%)
S 2 633 (91.3%) 60 (8.7%) 559 (81.1%) | 130 (18.9%) | 457 (85.4%) 78 (14.6%)
S 3 3549 (96.9%) | 115(3.1%) | 1353 (94.9%) 73 (5.1%) 1335 (87.3%) | 194 (12.7%)
S 4 | 496 (100%) 0 (0%) 21 (100%) 0 (0%) 14 (100%) 0 (0%)
S 5 1393 (82.8%) | 289 (17.2%) | 1191 (71.8%) | 467 (28.2%) | 819 (59.8%) 550 (40.2%)
S 6 698 (89.6%) 81 (10.4%) 488 (66%) 251 (34%) 446 (80.9%) | 105 (19.1%)
S 7 -1 233 (82.6%) 49 (17.4%) 219 (78.5%) 60 (21.5%) 144 (67.9%) 68 (32.1%)
S 8 112 (160%) 0 (0%) 87 (77.7%) 25 (22.3%) 75 (92.6%) 6 (7.4%)
S 9 323 (71.6%) 93 (22.4%) 268 (64.4%) | 148 (35.6%) | 232 (69.9%) | 100 (30.1%)
Total 14189 (93%) | 1067 (7%) | 9828 (79.4%) {2550 (15.6%)| 6570 (79.1%) {1736 (20.9%)

Notes: G = GPS experiment.
S = SPS experiment.

Laver Material Type and Thickness Data Status Summary Table

Using the outcome of the data evauation for the four mgor parameters related to layer structure

and layer thickness (layer functiond description, materid type, representative thickness, and
variation in thickness measurements), the quality assurance codes indicating consstency and
reasonableness of pavement layering data from different data sources were assigned to each

layer. A data andyds summary table containing QA codes for maor layer-related parameters
evaluated for each layer was submitted to the FHWA on a CD with the final report. This table
indudes the following information for each LTPP section on a layer-by-layer basis.

e o 6 © o ©

Layer functiond type and materid type codes, thickness, and thickness-summary
datistics indicators extracted from multiple data sources.

Indicators of functiond layer data consstency between sources.
Indicators of layer material type reasonableness from each source data table.
Indicators of materia type data condstency between sources.
Indicators of layer thickness data reasonableness from each source data table.
Indicators of layer thickness data consistency between different sources.

Withm-section layer variability indicators, including excessve vaigbility flags (where
avallable).
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® Recommended representative layer thickness for each pavement layer (for layers that
satisfied datg reasonableness and consstency evauation criteria).
s Lig of tables where layer thickness data are available for gach pavement layer.
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4. EVALUATION OF PAVEMENT LAYER THICKNESS VARIABILITY

This chapter summarizes the results from the evauaion of the thickness data varigbility
indicators based on core thickness measurements and field devation measurements (SPS only).
Typicd LTPP layer thickness variability vaues are summarized by different layer and materid

types.

The chapter dso presents the summary of the comparisons of layer thickness variances and
means obtained based on the core and eevation thickness measurements for newly constructed
SPS sections for different layer types, materia types, and target thicknesses.

Thickness Data Sources

Layer thickness summary datisics such as average, minimum, maximum, standard deviation,
and coefficient of variation (COV) serve as indicators of layer thickness variability dong the
section.  For GPS sections, most of these values could be obtained from the LTPP database
tables INV_LLAYER and RHB_LAYER. These summary datistics were provided by the
highway agencies and could be either estimated or computed. No additional information on how
summary statistics were derived for these tables is available. For the SPS sections, layer
thickness summary: datidtics could be obtained from the SPS* LA YER tables These values
were computed from the eevation shots measurements. The SPS*_LLAYER tables do not
contain summary information on the number of data points used to derive the datistics. No
informetion is avallable on whether al these data points were used to compute summary
datistics or whether some “outlier” points were excluded.

Due to limited information on how the layer thickness summary statistic measures provided in
the INV_LAYER, RHB_LAYER, and SPS*_LAYER tables were developed, it was not possible
to determine whether datistical indices avalable in these tables were obtained usng smilar
procedures and whether a comparable number of samples were used to derive the datiticad
indices. Based on this limitation, no crosstable comparison of layer thickness variability
indicators available in these tables was caried out in this study.

Alterntively, layer thickness summary datistics could be computed using LTPP layer thickness
data obtained from individud core measurements or from devaion measurements. The
following data sources are available in the LTPP database:

o Tables TST_ACOI_LAYER and TST_PCO06 contain individua core thickness
measurements  for AC and PCC layers, respectively. The data from these tables were
used to compute layer thickness summary datistics in a previous LT'PP data andyss
Study. {31}

o The SPS*_LAYER_THICKNESS tables contain individuad eevation thickness

" messurements dong the section and reported for different layer and materid type
combinations.
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Figure 12 shows schematically where core samples and elevation layer thickness messurements
were obtained along the LTPP sections. Core data were obtained for both GPS and SPS sections,
while devation measurements were obtained only for the newly constructed SPS sections.

Direction of Travel

e v o ot 5 b A ¢ S e s o

Core Sampling Areas
—. (GPS and SPS)
,/—_d’ Monitoring Length \\Q
15m 152 m 15m
(80) (5007

levation Measurements

Shouider

Figure 12: Graph. Locetion of core sampling and eevation messurement areas dong the LTPP
section.

Evaluation Methodology for Thickness Variability Reasonableness

Data Assessment and Excluson of Erroneous Data Points

Two different data sources were used in the anadlyss of layer thickness variability
reasonableness:

e Core thickness measurements for AC and PCC layers from the TST_ACO1_LAYER and
TST _PC06 tables.

s Elevation thickness measurements along the section from the
SPS*_LAYER_THICKNESS tables.

Core devation measurements are available for both GPS and SPS§ sections, while devation
meesurements are avalable only for the SPS sections. Analysis of layer thickness variability

reasonableness was carried out separately for each data source, and the results of analysis
obtained from different sources then were compared.

Prior to the ddtidical andyds, erroneous layer thicknesses messurements were identified and
excluded. Several different error sources were identified in the course of this study. Details of
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erroneous data evauation are included in the discusson of andyses carried out usng data from
each data source.

Thickness Variability Indicators

To compare the thickness informetion a a layer levd in lieu of individua measurement leve, the

folowing summary datigtics from individud messurements were computed for esch pavement
layer:

Average thickness.

Minimum axd maximum thickness
Standard  deviation.

CQv.

COV provides a good measure of whether the disperson of layer thi ckness vaues around the
established mean thickness vaue is large or smdl. The COV is computed as a ratio between
standard deviation and the mean thickness vaue.

cov= =
X
Where:
CovV = coefficient of variation of layer thickness.
S = dandard deviation of layer thickness.
X =

mean layer thickness.

Figure 13: Equation. Definition of coefficient of variation.

Thickness Vaiability Reasonableness Criteria

Criteria established under an LTPP material study [3 1] were adopted to evauate the
reasonableness of the thickness variability meesures, as following:

e For asphat bound layers, a COV of 20 percent was used as the cut-off vaue.

e For PCC surface and lean concrete base layers, a standard deviation of 8 mm was used as
the cut-off vaue.

Evaluation of the Layer Thickness Variation Reasonableness Using Core Data

The analyss is based on evaudion of the layer thickness variaion reasonableness for individua
LTPP sections and individud layers within the section. Under the LTPP materid study [31], the
core thickness data for individud layers from the LTPP tables TST_ACO1I_LAYER ad
TST_PC04 were evduated to exclude erroneous data points and to compute summary satistics.

These summary datistics were used in this study to evauate reasonableness of the layer
thickness variability indicators for individud layers.
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Prior to the andlysis, LTPP sections and individua layers with computed summary datistics were
correlated With data elements in the TST_LO5B table describing experiment, layer, and material

types.

The criteria established in the referenced study [3 1] were used to evauate the reasonableness of
layer thickness varigbility indicators for each layer that had data in either the
TST_ACO1_LAYER or TST PC06 table and in the TST_LO5B table. The results of the layer

thickness variability evauaion are presented in table 19 for different LTPP experiments, layers,
and material types.

Table 19. Summary of project-levedl layer thickness variability evduaion using core daa

Number of Sections Percentage of Sections
i - - with Acceptable Layer
e e | e | vith Data c Oy;t;}() . SD‘:";‘:“m Thickness Variations
PCC GPS-9 24 7 70.8
Overlay SPS-7 29 10 65.5
GPS-3 126 22 82.5
GPS-4 61 12 80.3
GPS-5 -84 9 89.3
GPS-7 43 . 6 86.0
Ofi.;gal GPS.9 24 5 79.2
Surface SPS-2 139 40 712 |
SPS-6 50 1 98.0
SPS-7 30 5 83.3
SPS-8 2 0 100.0
SPS-9 18 1 94.4
LC SPS-2 35 : 7 80.0
' GPS-1 229 13 94.3
GPS-2 139 9 93.5
GPS-6 143 21 853
AC Original SPS 1 134 2 98.5'
Surface SPS-3 259 39 ; 84.5
SPS-5 133 14 89.5
SPS-8 18 0 . 100.0
SPS-9 25 1 P 96.0
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Table 19. Summary of prgect-level layer thickness variability evaluation usng core déta,

continued.
Number of Sections
Layer Type | Experiment i ot With
COV > 20 %
GPS-1 147 3
GPS-2 83 6
GPS-3 2 0
GPS-6 125 20
GPS-7 41 8
AC Binder | GPS9 2 L
SPS-1 110 8
SPS-3 118 16
SPS-5 150 22
SPS-6 11 1
SPS-8 11 0
SPS-9 19 1
GPS-6 204 25
GPS-7 57 4
SPS-1 6 1
AC Overlay SPS-3 51 It
SPS-5 9% 6
SPS-6 20 3
SPS-8 7 0
GPS-1 2 0
GPS-2 52 1
GPS-3 7 1
GPS-4 i 0
ATB GPS-5 20 1
GPS6 8 1
SPS-1 102 15
SPS-3 24 3
SPS-5 13 0
Total | 3227 257

With
SD > 8§ mm

125

Percentage of Sections
with Acceptable Layer
Thickness Variations

98.0

92.8

100.0

84.0

80.5

50.0

92.7

86.4

85.3

90.9

100.0

94.7

87.7

93.0

83.3

78.4

93.8
85.0

100.0

100.0

98.1

85.7

100.0

95.0

87.5

R5.3

87.5

100.0

88.2

Core Thickness Data Availability and Assessment for Newly Constructed SPS Lavers

For the newly constructed SPS layers with a documented target thickness, thickness
measurements are avalable from both core examination and eevation measurements. Layer
thickness summary datistics computed for the newly constructed SES layers were compared to
the elevation measurements data, as discussed later in this chapter.

To reflect the most recent LTPP data upload status for the newly constructed SPS layers with a
specified target thickness, the core thickness data were evauated again with erroneous data
points excluded and summary datistics computed for each layer and each andyss cdl. A
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summary of the available core thickness data for SPS experimental sections is presented in table
20.

Table 20. Core data availability in tables TST_AC01_LAYER and TST-PC06.

. Number of Records Number of Sections with
Layer Type Experiment (measurements) Data
DGATB SPS-1 323 78
SPS-1 142 32
PATE SPS2 0 0
1.c SPS-). 182 36
SPS.2. 894 140
PCC SPS-7 235 22
SPS-8 16 2
SPS-1 759 170
SB SPS-5 -455 92
SPS-6 99 26
SPS-8 137 18
Total 3242 616

Using the three-standard deviation criterion, one core thickness record was identified as
erroneous (Section 22-0708, PCC layer) and was diminated from the analyss at the project
level. The measured core thicknesses for this layer are between 140 mm (5.5 in) and 149 mm
(5.85 in), except for the excluded core measurement that was 198 mm (7.8 in).

Evaluation of the Layer Thickness Variation Reasonableness Using Elevation Data

For SPS newly condructed layers, eevation measurements were taken throughout the section of
the find finished surface. The measurements normdly are made at five offset points a 152-m
(500-ft) spacing dong the section.

This big number of eevation thickness measurements avalable a each layer leve makes them a
good candidate for thickness varigbility evduation. One additional agdvantage of these thickness
measurements is that their layer design or target thickness is known to the research team. As a
result, the thickness variability vaues can be compared and summarized for different target
vaues.

Elevation Data Availability

The availability of devation datain SPS*_LAYER_THICKNESS tables by layer type and
number of sections are presented in table 21.
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Table 21. Summary of the devation thickness measurements in the
SPS*_LAYER_THICKNESS tables.

Layer Type Experiment Number of Records Numb(.ar of Sections
(measurements) with Data

SPS-1 5295 97
D G A B SPS-2 4050 85
SPS-8 1863 38
DGATB SPS-1 5250 97
: SPS-1 4496 33
PATB SPS-2 2242 47
LC SPS-2 2458 48
SPS-2 6955 140
PCC SPS-7 918 24
‘ SPS-8 763 14
SPS-1 ) 9138 167
SB SPS-5 4856 93
SPS-6 1933 40
SPS-8 1202 24
Total 51419 997

The total number of records at Level E in the SPS*_LAYER_THICKNESS tables was 51,419 at
thetime of the Sudy.

Exdudon of the Erroneous Data Points

Prior to the data andlyds, 78 erroneous data points were excluded before the analysis because of
data incondstency. The following lis summarizes data inconsstencies found during review of
the data from the SPS*_LLAYER_THICKNESS tables.

e Fifty-five records for section 35-0501 are excluded from the analyss because these data
were collected for the control section that was overlaid.

e A totd of 10 records for sections 46-0603, 46-0604, 46-0606 and 46-0607 are excluded
because of a very smal number of measurements per section (two or three). In addition,
core stations did not match for binder and surface layer for al cores except one. The
dations of most of the cores are within the section (not in the sampling area) and the
offsst for al measurements is 21.95 m (72 ft).

e Section 55-0224 has only one layer thickness record avalable for each of the three
different layer types (DGAB, PATB, and PCC). These layers were dso excluded from
the andyss.

s Ten records (Six records for section 08-0506, two records for section 08-0505 and one

record for sections 48-A808 and (8-0508 are excluded because of zero vaues in the
thickness field).

These erroneous thickness values were reported to the FHWA. for further invegtigation.

Additionally, data points that deviated by more than three standard deviations from the mean
were consdered as potentidly erroneous and were excluded from the andyss data set. Analyss
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of sections with outliers reveded that most of these sections had one cutlier per section; some
had two outliers, and a few three or four outliers. In dl, 202 data points were excluded from

further analysis. The summary of outlier andyss is presented in the table 22. A total of 51,139
records were used in the datistical anayss.

Table 22. The distribution of the elevation thickness records not used in the analysis.

. Number of Layers
Number of Outliers per Layer With Outliers With Othor Fxciuded Poines | T
1 162 5 167
2 15 3 18
3 2 2 4
4 1 1
6 1 i
55 1 1
Total number of layers 180 : 12 192
Total number of outlier records 202 78 280

The number of outliers summarized by different layer types is presented in tabie 23.

Table 23. Didribution of the outliers by layer type.

Number of Records Total Number-of Percent of Records
Layer Type (Measurements) . Records (Measurements)
(Measurements)
DGAB 44 11208 0.41
DGATB 18 5250 0.34
PATB | 23 6738 0.34
LC | 8 2458 0.33
PCC 35 8636 041
SB 72 17129 0.42
Total 202 51419 0.39

The highest percentage of the sections with outliers is for AC and PCC surface layers and
unbound base, while the lowest percentage is for LC base, PATB, and DGATB.

Analysis of Layer Thickness Variation

Elevation measurements obtained after each layer condruction were used ho conduct andyss of
layer variation reasonableness. Table 24 provides summary of the layer thickness variation
reasonableness evauation results for all SPS sections.



Table 24. Summary of project-levd layer thickness variability evaduation usng eevation grid

data.
Luyer ) Number of Sections Pn.:rcentage of Sections
Type Experiment With Data With With w1tl.1 Acceptable Layer
COV > 20 % SD > 8 mm Thickness Variations
SPS-1 97 5 94.8
DGAB SPS-2 84 2 97.6
SPS-8 38 3 92.1
DGATB SPS-1 97 0 100.0
SPS-1 83 1 98.8
PATB SPS-2 46 0 100.0
LC SPS-2 48 26 45.8
SPS-2 139 61 56.1
PCC SPS-7 24 14 41.7
SPS-8 14 12 14.3
SPS-1 167 2 98.8
SB SPS-5 92 12 87.0
SPS-6 36 | 0 100.0
SPS-8 24 | 1 05.8

For al materia types except for PCC and LC the percentage of acceptable data is very close to
or above 90 percent. For PCC and LC materid types this percentage is below 60.

Typical LTPP Layer Thickness Variability Values

To esimate typica vaues for layer thickness variability indicators, layer thickness data for SPS
experimental sections were obtained from TST_ACO01_LAYER and TST_PCO06 tables (core
thickness), and from SPS*_LAYER_THICKNESS tables (elevation thickness). The andyses
were done separately for the thickness data obtained from core measurements and for the data
from devaion measurements. Table 25 summarizes layer thickness COV and standard
deviations by layer and materid types obtained for PC C and AC layers from GPS and SPS
sections based on the andyss of core thickness data. Table 26 summarizes layer thickness COV
and dandard deviations by layer and materia types obtained for the newly constructed SPS
sections based on andysis of devation measurements. The COV and standard deviation vaues
from the tables 25 and 26 could be used as approximate estimates of the expected layer thickness
vaiability aong the project for a given materid and layer type.
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Table 25. Summary of layer thickness COV and standard deviations based on core

measurements.
Experiment . Nuz;_ber Mean Min Ma x Mean Min Max |
T Description Analysi COV, COVv, COV, | &. dev.,|St. dev., | St. dev.,
ype nalysis
% % % mm mm mm
Layers
AC Binder 396 10.10 0.78 83.19 7.46 0.87 110.28
| GPS DGATB 88 6.83 1.02 46.92 8.34 1.30 61.38
AC Surface 506 9.76 | 0.70 93.24 5.44 0.52 107.46
AC Overlay 259 10.68 1.48 59.92 5.44 0.87 44.90
AC Binder 382 10.41 0.62 71.38 7.89 1.27 95.19
SPS ATB 139 12.66 | 0.85 184.88 | 14.79 1.47 | 13597
AC Surface 488 10.21 0.69 64.28 5.34 1.14 45.58
AC Overlav 160 | 1070 | 0.72 70.70 | 4.90 1.14 25.85
GPS PCPCOverlay 3% 1919 5 14 04 5 4 62 L0 1 4
LC 34 4.62 1.12 23.38 7.37 1.80 38.80
SPS PCC 233 2.66 051 27.97 6.31 1.14 65.21
PCC Overlay 29 5.19 1.61 12.59 7.22 2.19 14.63

Table 26. Summary of layer thickness COV and standard deviations based on SPS devation

measuremants.
Material Number. of Mean Min Max Mean Min Max
Type Analysis COV, COv, COvV, St. Dev., St. Dev,, St. Dev,,
Layers % % ) % nm mm mm
DGAB 219 8.78 1.90 37.44 13.00 3.20 55.76
DGATB 97 5.31 1.79 15.10 9.50 3.87 24.48
LC 48 5.69 2.55 20.33 8.96 3.81 32.38
PATB 129 8.74 3.45 21.21 8.91 3.59 20.41
PCC 177 4,18 0.98 17.98 8.61 2.88 22.96
SB 319 8.32 2.01 35.80 8.41 2.47 21.10

Comparison between Elevation and Core Thickness Measurements

For the newly congtructed SPS layers (layers that were constructed during the LTPP program and
were monitored by the LTPP team), both devation and core thickness measurements are
avaladle in the LTPP database. These two measurement methods employ different measuring
techniques. The objective of this section is to evauate if the means and the variances derived
from these two methods are dgnificantly different from each other a the project-leve. Thus, the
analysis is based on evauation of datistica indicators derived for each layer of each SPS
section. Only newly congructed SPS layers were used in the andyss.
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Analysis Methodology

The normality of distribution of elevation data was tested and it was concluded that for a
majority of sections and for adl materiad types the digtribution is normd. The detalled results are
presented in chapter 5. In this analyss it was assumed that core thickness measurements have
aso normd digtribution, because they represent different sort of the measurements for the same
kind of data

The variances and means of layer thickness data were obtained for each newly constructed layer
from each SPS section from tws different data sources, devation and core thickness
measurements, were compared to determine the level of agreement.

Two datistical procedures were utilized to perform the comparison of eevation and core
thickness measurements.

o Comparison of the Variances—The Ftext for inference of variances. The Ftest is

highly influenced by non-normdlity; therefore, a 99 percent confidence level was used.
The nul hypothesis is that variances of two populations are equd, i.e.:

|
R

elev. core |

R A .
Hy,:0,, =0, veesus H,,: 0

Fgure 14: Equation. The null and dternative hypotheses for the F-test.

e Comparison of the Meanst-test (95 percent confidence level) for inference of means,
assuming equa or unequd variance, based on results of the Ftest. The null hypothess is
that means of two population are equd, i.e.:

H

=0 versus H #0

(O3 Melev.avcrage - Mcore.avcrage ale Melcv.avcragc “core.averagc

Figure 15: Equation. The null and dternaive hypotheses for the t-test.

Analysis Data Set

Elevation data for bound asphalt and concrete layers were available for 770 individua layers,
while core data were available for only 616 layers. However, both elevation and core thickness
data were available for only 498 asphat and concrete layers. For 118 layers, only core data were
available and for 272 layers only eevation data were available. Additionally, for 13 layers only
one core measurement per layer was available. Therefore, the total number of asphdt and
concrete layers used in the andlysis was 483. Table 27 presents the summary of data avail ability.
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Table 27. Summary of layers with both eevation and core data avalable.

. Number of Layers with both

Layer Type Experiment Elevation and Core Data
DGATB SPS-1 39

SPS-1 30
PATB SPS 2 -
LC SPS-2 31

SPS-2 123
PCC SPS-7 15

SPS-8 2

SPS-1 134

SPS-5 60
SB SPS-6 15

SPS-8 14
Total 483

Comparison of the Standard Deviation and COV Values

Figure 16 provides a comparison of the standard deviations cornputed from core thickness
measurements  versus standard deviations computed from elevation thickness for dl the layers
For the standard deviation values below 10 mm, the standard deviations computed from the core
thickness data are lower than the standard deviations computed from the devation messurements
in most cases. However, for standard deviations above 10 mm, the standard deviations from the
core data are higher than the standard deviations computed from the eevation measurements for
a ggnificant number of cases. For the mgority of the eevation data, the sandard deviation is
below 20 mm.

Ovedl, 321 layers (66.5 percent) had a standard deviation computed from the eevation
measurements higher than the standard deviation computed from the core measurements. Figure
16 indicates that, for a few sections, the variaion of core thickness was very high as compared to
the devation-determined thickness. However, the differences between the standard deviations
were not Satigicdly sgnificant (99 percent confidence leve) for a large mgority of the sections.
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Figure16: Chart. Comparison of the standard deviation for core thickness and elevation
measurements.

Figure 17 provides a comparison between the COV values computed from the elevation and core
thickness data sets; Over 80 percent of the COV values computed using each data set are  below
10 percent. However, a small percentage of sections show low COV computed from one data
source and high COV computed using the other data source, i.e. high COVs for elevation
measurements and low CQVs for core thickness measurements for the same section, or vice
versa.

60

COV of Core Thickness
Measurements, %

40 50 60

COV of Elevation Measurements, %

Figure 17: Chart. Comparison of the COYV for core thickness and elevation measurements.
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Comparison of the Variances

Table 28 presents the results of the comparison of variances. Sections were grouped by materia
type, experiment number, target thickness, and subbase type. For more than 80 percent of the
sections, the differences between variances obtained from eevaion and core thickness
measurements were not datisticdly sgnificant (99 percent confidence level). This percentage is
even higher for DGATB and LC layers (about 90 percent).

The greatest differences of variance values were observed for PATB and some analysis cells
with PCC and SB layers, and the lowest differences were observed for DGATB and LC layers.

Table 28. Comparison of variances (F-test, 99 percent confidence level) obtained from eevation
and core thickness measurements.

Variance
Material T.arget Equal Unequal Total
Type EXP. | Thickness | Subbase { Number Percent | Number | Percent Numl?er of
of of of of Sections
' mm in Sections Sections | Sections | Section
102] 4 12 80.0 3 20.0 15
DGATB SPS-1] 203 8 25 92.6 2 7.4 27
] 305 12 16 94.1 1 5.9 17
PATB SPS-1{ 102| 4 22 73.3 8 26.7 30
LC SPS2 ] 152 6 28 90.3 3 9.7 31
s' 17 71.3 5 22.7 22
SPS.2. 203 ) 8 35 89.7 4 10.3 39
20 | 11 S 15 68.2 7 31.8 22
PCC W 35 87.5 5 12.5 40
sps7 161 3 S 6 85.7 1 14.3 7
1271 5 S 4 50.0 4 50.0 8
' 203 8 W 1 100.0 0 0.0 1
SPS-8 a1 11 W 1 100.0 i) 0.0 1
S 33 82.5 7 17.5 40
SPS. 1 1021 4 W 25 86.2 4 13.8 29
178 | 7 S 32 86.5 5 13.5 37
W 20 71.4 8 28.6 28
51 2 S 24 85.7 4 14.3 28
B SPSS 07T S 23 719 9 38.1 32
‘ 102 4 S 12 100.0 0 0.0 12
SPS6 203 3 S 1 333 2 66.7 3
sps.g | 102 4 W 5 714 | 2 | 286 7 |
1781 7 W 5 714 | 2 1 286 7 |
| Total | | 307 | 822 | 8 | 178 | 483 |

Notes:S - “Strong” subbase (DGATB, LC).
W - “Weak” subbase (DGAB, PATB).
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Comparison of the Means

The mean layer thicknesses computed frbm elevations and those computed from core samples
were compared using the t-test a a 95 percent confidence level and assuming either equa or

unequa variances, based on the F-test results, presented in table 28. The reaults of the t-tests are
presented in table 29.

Table 29. Results of the comparison of means (t-test, 95 % confidence leve) for eevation and
core thickness measurements.

No Significant Significant
Target Difference between | Difference between Total
Material Thicknesses| _ Elevation and Core | Elevation and Core _
Type Exp. Subbase Thickness Thickness Ngelztl;;;:f
. Number of | Percent of | Number of | Percent of
mm | m Sections | Sections | Sections | Sections
SPS-1 | 102 4 9 60.0 6 40.0 15
DGATB | SPS-1 | 203 8 20 74.1 7 25.9 27
SIPS-1 § 3051 12 8 47.1 9 52.9 17
LC Sips2] 152 6| 20 64.5 11 35.5 31
PATB SPS-1 | 102 4 12 40.0 18 60.0 30
SPS-2 203 3 S 14 63.6 8 36.4 22
SPS-2 \'J4 16 41.0 23 59.0 39
SPS-2 279 | 11 S 10 45.5 12 54.5 22
PCC SPS-2 W 16 40.0- 24 60.0 40
SPS-7 76 3 S 3 429 A 571, | 7
SW-7 | 127 5 S 5 62.5 3 37.5 8
SIPS8 | 203 8 W 0 0.0 1 100.0 1
SPS-8 | 279 | 11 4 1 100.0 0 0.0 1
SPS-1 102 4 S 19 47.5 21 52.5 40
SPS-1 W 10 34.5 19 65.5 29
SPS-1 178 7 S 11 29.7 26 70.3 37
SPS-1 W 13 - 46.4 15 53.6 28
SB SPS-5 51 2 S 10 35.7 18 64.3 28
SPS-5 | 127 5 S 12 | 375 20 62.5 32
SPS-6 | 102 4 S 9 | 750 3 25.0 12
SPS-6 | 203 8 S | 2 | v | 1 5.5 3
SPS8 | 102 | 4| W ST s | 4 SN 7
sps-8 {1781 71 w | 4 | 571 | 3 | 429 7
Total | [ 227 [ 410 | 25 | 530 483

Notes: S — “Strong” subbase (DGATB, LC).
W -“Weak” subbase (DGAB, PATB).

Based on the t-test results, the mean thicknesses computed from the core measurements are niot
different from those computed from the devation measurements a a 95 percent confidence leve
for 227 (47 percent) of all layers andyzed. The opposite is true for the remaining 256 iayers
andyzed (53 percent).

Figure 18 presents aggregated results of the datisticd analyss of the differences between
devation and core thickness measurements. More than 60 percent of the layers withDGATB
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and EC had no dgnificant difference between devation and core thickness data. This percentage
is about 40 for PATB, PCC, and SB layers.

Differences between Elevation and Core Thickness

100%
90%
60%
70% 4

60%
50%
40%
30%
20%
10%

0%

Percentage of Analysis
Celis

DGATB T LC | PATB | PCC SB
Material Type

| Not Significant @ Signiﬁcantj

Figure 18 Chat. Results of the datigticd andysis of differences between elevation and core
thickness measurements.

Summary

In this chapter, the layer thickness variahility indicators available in the LTPP database were
reviewed. A discusson about the limitations of the avalable data was provided. In addition,
new layer thickness variability indicators (mean, range, standard deviation, COV, and variance)
were developed based on the core thickness measurements and field dlevation meas urements
(SPS only) from the most recent LTPP database upload (release 11.5 version NT3.0, obtained on
Jdune §, 2001).

Evaluation of Laver Thickness Variability Reasonableness

Usng layer thickness summary datidtics, reasonableness of the layer thickness variability data
was evauaed. The purpose of the analyss was to compare layer thickness variation for each
section and eech layer with the benchmark layer thickness variability vaues. The andyss
results indicated that over 88 percent of layers have layer thickness variability indicators below
the benchmark vaues.

Additiondly, typicd vaues and ranges of layer thickness variability indicators for different layer

and material types were computed. These typica vaues could serve as gpproximate estimates
of the expected layer thickness variability for the project-level anadyss and design.
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Excessve Vaiability in Layer Thickness

For the layer thickness data obtained from the core measurements, 257 layers (10.0 percent) from
the TST_ACO1_LAYER table and 125 Payers (1 8.8 percent) from the TST_PC06 table had
excessve vaidhility in the layer thickness data even after outliers were removed.

For the layer thickness data obtained from the devation measurements, 139 layers (14.1 percent)
from the SPS* _LAYER tables had excessve vaiahility in the layer thickness data even after
outliers were removed.

No remedid action was taken for the identified records. However, comment codes were
assgned in the andyss summary table to the records containing such data To determine the
reasons for excessve varidbility, individua core samples should be reviewed.

Comnarissn of Layer Thickness Vaiability Indicators from Different Data Sources

Statistical comparisons were made between the layer thickness variances and means obtained
from the core and elevation thickness measurements. Only data for newly constructed SPS
sections were utilized. The results of the andysis are as follows:

o Overall, 321 Jayers (66.5 percent) had a standard deviation computed from the eevation
measurements higher than the standard deviation computed from the core measurements.
However, for 25 layers (5.2 percent) that had very high standard deviations (above 30
mm), the opposite trend was observed.

e The differencesbetween the sandard deviaions were not statisticaly significant (99
percent confidence level) for mogt of the sections.

Over 80 percent of the COV vaues computed using each data set are below 10 percent.

e A smdl percentage of sections show low COV computed from one data source and high
COV computed using the other data source. This observation gpplies to both eevation
and core thickness data sets.

e For more than 80 percent of layers, the variances between core and elevation
measurements & a 99 percent confidence level could be assumed “equa.” This
percentage is even higher for DGATB and LC layers (about 90 percent).

o The mean thicknesses computed from the core measurements are not different from those
computed from the devation measurements a a 95 percent confidence Bevd for 227 (47
percent) analyss cells. The opposgite is true for the remaining 256 analyss cdls (53
percent).

e More than 60 percent of the sections with DGATB and LC hed no dgnificant difference
(95 percent confidence Bevel) between eevation and core thickness data This percentage
is about 40 for PATB, PCC, and SB layers.
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5. CHARACTERIZATION OF LTPP THICKNESS WITHIN-SECTION VARIABILITY

This chapter contains the results of an evauation of within-section variation in layer thic:kness
values, Characteristics of within-section layer thickness variability are very important inputs in
reliability-based pavement engineering applications. This chapter contains the discusson of data
sources used for the andyds of within-section variation in layer thickness vadues, the
methodology used to assess characterigtics of within-section layer thickness distribution, testing
procedures used to evaluate goodness-of-fit between theoreticd models and observed layer
thickness data, and the results of the within-section layer thickness variability evauation.

Data Sources

Data from the evation measurements were used to evaduate the extent of within-section
vaiation in layer thicknesses. Elevation measurements for each pavement layer were taken
along the LTPP section length during the construction phase of the SPS experiments. These data
are available in the SPS* _LAYER_THICKNESS tables. Unlike other LTPP layer thickness
tables, the data in the SPS*_LAYER_THICKNES S tables are stored not by the layer number but

by layer and material type identifiers. Table 30 provides an overview of which identifiers are
available in the SPS*_LAYER_THICKNESS tables.

Table 30). Pavement layer and materid type identifiers available in the
SPS*_LAYER_THICKNESS tables.

Layer and Material Type LTPP Field Name (layer identifier) LTPP Table Name
SPS5_LAYER_THICKNESS,
AC surface course SURFACE_COURSE SPS6_ LAYER THICKNESS
AC binder course BINDER_COURSE SPSS_LAYER_THICKNESS,

SPS6_LAYER_THICKNESS
SPS1_ILAYER_THICKNESS
SPS8_LLAYER_THICKNESS
SPS1_LAYER_THICKNESS,
. SPS5_LAYER_THICKNESS,
AC surface friction course SURFACE_FRICTION SPS6_TAYER THICKNESS,
SPS8_LAYER_THICKNESS

AC surface and binder course S ACE_AND _BINDER
ASPH_SURFACE_AND_ BINDER

SPS1_LAYER_THICKNESS,
DGAB DENSE_GRADE_AGG_BASE SPS2_LLAYER_THICKNESS,
SPS8 LAYER THICKNESS
DGATB DENSE_GRD_ASPH_TREAT BASE SPS1_LAYER_THICKNESS
SPS1_LAYER_THICKNESS,
PATRB PERM_ASPH_TREAT_BASE SPS2_LAYER THICKNESS
LC base \ LEAN_CONCRETE SPS2_LAYER_THICKNESS X
, | PCC_SURFACE | SPS2_LAYER_THICKNESS |
PCC surface layer | PORT_CEMENT_CONCRETE_SURFACL__| 5PS58_LAYER_THICKNESS |
PCC overlay layer SURFACE_COURSE SPS7_LAYER_THICKNESS \
: , SPS5_LAYER_THICKNESS,
Rut level-up layer RUT_LEVEL_UP SPS6 LAYER THICKNESS
. SPS5_LAYER_THICKNESS,
Mill replacement layer MILL_REPLACE SPS6_LAYER THICKNESS
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SPS Layer Thickness Characteristics

Desgn Thickness

For a paticular SPS experiment, severd design thickness vaues were used as a target design
layer thickness. For a given SPS section, only one design thickness value was used aong the
section length The design thicknesses for different layers were reviewed for each SPS
experiment. Table 3 1 provides an overview of the maerid and layer types used in different SPS
experiments, the desgn thicknesses, and the number of layers with the aong-the-section
thickness measurements available in the LTPP database, Level E version released on June 29,
2001.

Dexcriptive Layer Thickness Statigtics

Udng layer thickness measurements aong the section, an exploratory data andyss was
conducted, and descriptive statistical mesasures such as mean, standard deviation, kurtos's,
skewness, and number of thickness measurements per layer were computed for each structural
layer (surface and base courses) tha had layer thickness information available in the
SPS*_LAYER_THICKNESS tables. These decriptive gatistics were then used to evauate
characteridtics of layer thickness distribution adong the LTPP section.

The following description of the datistical variables provides background information to
facilitete the understanding of the procedures used to evauate within-project layer thickness
vaiahility.

The mean is a property of the distribution that describes the location of the distribution. The
mean layer thickness is computed as the average of the individual thicknesses obtained from
elevation measurements taken dong the LTPP section.

The standard deviation is a property of the distribution that describes the spread of the
digribution. The sandard deviation is based on the second moment of the measurement
digtribution.

The skewness is a property of the distribution that is used to evauate how skew the digtribution
is. The skewness is () for a symmetric didribution, pogtive if the didribution has a long tail to
the right, and negative if the didribution has a long tal to the left. The skewness is based on the
third moment of the messurement digtribution.

The kurtosis is another property of the digribution that provides a mean to evauate how heavy
(or lignt) the tails of the digribution are. For a norma didribution, the kurtoss is 0. For a
digribution with long or fat tals, the kurtoss is pogtive. For a distribution with short or dim
talls, relative to a norma digtribution, the kurtoss is negetive (but dways > -3). The adjusted
fourth moment of the measurement digtribution is one way to measure the kurtosis of the
digribution.
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Table 31. Design thicknesses for different SPS experiments sorted by layer and material type.

Design Layer Total Number of
Layer and Material Type Experiment Type Thickness, Layers used in the
mm (in) Analysis
0
SPS-5 51(2) 93
127 (5)
AC surface course 5
SPS-6 102 (4) 40
203 (8)
SPS-1 102@) 167
. 178 (7)
AC surface and binder course 02 @
SPS-§ 24
178 (7)
AC bind SPS-5 Varies 33
fnaer course SPS-6 Varies 17
102 (4)
SPS-1 203 (8) 97
305 (12)
102 (4)
§PS-2 85
DGAB 152 (6)
152 (6)
SPS-8 " 203 (8) 38
305 (12)
v 102 (4)
DGATB SPS-1 203 (8) 97
305 (12)
SPS-1 102 (4) 83
PATB
SPS-2 102 (4) 47
LC base SPS-2 152 (6) 48
sPS-2 o 140
279 (11)
PCC surface layer 56
SPS-8 14
279 (11)
76 (3
PCC overlay layer SPS-7 ® 24
127 (5)

The skewness and kurtosis are two main properties of a distribution that together describe the
shape of the distribution, while the mean describes the location and the standard deviation the
spread of the distribution. These statistical measures were used then to determine the extent to
which the variation of layer thickness along the section follows normal distribution.
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Identification. of Suspect Laver Thickness Data

Before the andyss of the within-section layer thickness variability, layer thickness data were
reviewed to identify any anomalous thickness measurements dong the section. The purpose was
to identify outliers - the data points that appear not to belong with the rest of the data. Figure 19

shows an obvious example.

Layer thickness, mm

250
20—/ 7"77" "/ - - = T 7 7
; - -
150 P4 ++}iﬁ~4;p—'§##—‘#ﬂ-—_ﬁm*
+ +  +
+
ioo00 4 = —_ -
Outlie/ + Thickness along the section
50 1 —— — Band at cut-off points
Mean thickness
0 T T T T T 1] t 1 1 1 T T T
0 10 20 30 40 50 60 70 80 90 -100 110 120 430 140 150 160

Location along the section, m

Figure 19: Chart. Example of the binder course thickness measurements dong SPS-6 Section

Methodology to Identify Outliers

40_0608 with an gpparent outlier.

Because outliers can have a gtrong influence on both the skewness and ku rtosis caculated for a
data sample, the presence of a few outliers in a sample from a normd didribution may cause the
sample to fal a normdity test. Therefore, it is important to determine whether the apparent non-
normality might be due to the presence of outliers. A data point was consdered an outlier and
removed from the andyss if the following is true

®

The absolute difference between an individual layer thickness measurement and the mean
layer thickness, standardized (divided by) by the standard deviation, is grester than the
99.995 percentile (0.001 percent level of significance, two-sided test) of the t-distribution
with n-| degrees of freedom (df), where n is the number of data points in the sample.

The criterion is shown in equation format in figure 20.
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| %, —%|
> t0.00005 (n-1)
S
Where:

X; = individud layer thickness measurement aong the section
X = mean layer thickness
s = dandard deviation of layer thickness
10.00005 (n-1y = the 99.995 percentile of the t digtribution with df=n-1, where
n = number of Paver thickness measurements for the layer

Fgure 20: Equdion. Outlier definition criterion.

The t-vaues at the 99.995 percentile correspond to a level of significance of 0.01 percent for the
two-sded t-test. The choice of a significance leve of 0.01 percent is very conservative and was
based on the fact that only “true’ outliers (i.e., those that clearly do not belong in the same
population with the other data points) should be excluded. If the didtribution in redity is skewed,
it is not desirable to cut out vaues based on a higher significance Beve, since the cut-off points
are based on the (symmetric), norma distribution.

Note that the commonly used criterion (meen +/- 2 standard deviations) for identification of
outliers was not used in this study. That criterion is based on a 5 percent sgnificance levd and
the assumption that the didribution of the sample is normd. Because the standard deviation for
LTPP sections is not known but estimated, the assumption of normality leads to the use of the t-
digribution to create the 95 percent confidence interval. Based on the sample sze, the t-
digribution will provide a different number that the standard deviation is multiplied by to
determine the cut-off points for outliers, as the examples in table 32 show.

Table 32. Multiplier for the standard deviation used in the outlier criterion based on

t-distribution.
Sample Size Degrees of Freedom Multiplier for the Standard Deviation
11 10 2.23
21 20 2.09
29 28 2.045
121 120 198" |
\ = -~ 1.96 |

The following example usng daa from SPS-6 Section 40_0608 demondrates the methodology
and rationale used to determine the outlier points. The descriptive dtetistics for the binder course
layer used in this example are provided in table 33. A scatter plot of all the thickness
measurements is shown in figure 19.
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Table 33. Descriptive datistics for the binder course layer, SPS-6 section 40_0608.

. . Number of Layer Mean Layer e
Section Layer Type Thickness Thickness, Standal:d Deviation o.f Layer
ID . Thickness, mm (in)
Measurements mm (in)
40_0608 binder course 55 151 (5.951) 13 (G.501)

The data point identified as “QOutlier” in figure 19 was evaduated to i dentify whether this point is
a true outlier. The layer thickness vaue for this point is 86 mm (3.4 in), w hile the mean vaue
for the sample is 1561 mm (5.951 in). Using the criterion shown in figure 20, for the left Sde of
the expresson, we obtain the t-gatistic value of 5.1. For the right side of the expresson, the t-
vaue of 4.2 was obtained a the 99.995 percentile of the t distribution with 54 (df = 55-1)
degrees of freedom. Since the t-datistic of 5.1 is greater than the t-value of 4.2, this point was
found to be an outlier using a cut-off point based on the t-ditribution a .a sgnificance levd of
0.01 percent with n-1degrees of freedom.

For the data in figure 19, the outlier point at 86 mm (3.4 in) could have been as large as 97 mm
(38 in) and 4ill would have been removed. In this particular data set, it may be desrable to
remove poi nts even greater than 97 mm (3.8 in) because the data otherwise do not appear
skewed. However, in'the data sets where some skewness is present, remova of the data points
on the outskirts of the distribution could bias the rdidbility of the distribution evauation results.
The following example is used to demondrate this concern.

Three different layer thickness frequency didributions are presented in figures 21, 22, and 23'.
The didribution in figure 21 shows an example of the dear outlier point on the left Sde of the
distribution. Here the layer thickness vadue of the outlying point is <20 mm, while layer
thicknesses for the rest of the points range from 82 to 142 mm. However, for the figures 22 and
23, the question whether the leftmost point is an outlier, cannot be enswered with the same
degree of catainty. The leftmost point in the didribution provided in figure 22 is a questionable
outlier. Here the layer thickness vaue of the outlying point is about 75 percent of the average of
the layer thickness vadues of the other points. The leftmost p oint in the distribution provided in
figure 23 may be a legitimate point of a skewed distribution. Here the layer thickness vdue of
the outlying point is about 80 percent of the average of the layer thickness vaues of the other
points. However, even a the very consarvaive level chosen, the outlying point in figure 22 was
identified as an outlier while the outlying point in figure 23 was not. This example illustrates
why it was necessary to st the level for declaring a point an outlier very consarvatively (in order
to not bias the andyss of digtributiontype) in this study.
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Figure 21: Chart. Example of the AC surface and binder layer thickness didtribution with clear
~ outlier detection for the SPS-1 Section 30-0122.
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Figure 22: Chart. Example of dense graded aggregate base Payer thickness distribution with
questionable outlier detection for the SPS-2 Section 20-021C.
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Figure 23: Chart. Example of the dense graded aggregate base layer thickness distribution
skewed to the left for the SPS-1 Section 20-0101.

This procedure for dentification of the outliers was applied to each SPS sructura layer with
data available in the SPS*_LAYER_THICKNESS tables. In the whole data set of more than
55,000 data points, only 20 data points were excluded based on this criterion; the list of these
excduded points is presented in table 34. These individud layer thicknesses were andlyzed using
specid data digtribution plots. The results show that thesethickness values are likely to be errors
in the database rather than actua thickness measurements. However, the review of the actud
fidd data is required to confirm this concluson. All anomaous or suspect data thickness vaues
were reported back to the LTPP adminigtrators for data review and possible correction of the
thickness vaues in the LTPP layer thickness data tables.
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Table 34. Identified outlier points.

: Meamn
Measured . St. dev. | Number
Exp. | STATE | SHRP Thickness | | TLCKBESS | (ith of | Standar | t-value
Type . (with . dized | at 95.995
Type |_CODE | _ID (outlier), outliers) outliers), | Measure Difference | percent
min am ’ mim ments
SPS-6 40 0608 BC 86 151 13 55 5.09 4.20
SPS'1 12 0102 DGARB 208 307 15 55 6.69 4.20
SPS-1 30 0113 DGAB 102 210 24 55 4.55 4.20
SPS-2 20 0210 | DGAB 76 160 5 55 441 420
SPS-1 5 0122 | DGATB 25 97 12 55 6.03 4.20
SPS-1 32 0105 | DGATB 150 123 5 55 5.03 4.20
SPS-1 35 0104 | DGATR 193 297 25 55 4.23 420
SPS-1 40 0116 | DGATB 71 304 35 55 6.63 4.20
SPS-2 5 0215 PCCS 328 275 12 35 431 4.20
SPS-1 4 0116 SB 122 .95 6 55 4.34 4.20
SPS-1 10 0103 SB 46 121 12 55 6.14 4.20
SPS-1 30 0122 SB 18 116 16 55 6.21 4.20
SPS-1 35 0105 SB 170 119 12 55 4.24 4.20
SPS-1 39 0105 SB 41 101 11 55 5.57 4.20
SPS-1 51 0116 SB 33 73 9 55 4.22 4.20
SPS-8 29 AB02 SB 142 174 7 63 4.23 4.16
SPS-8 39 0803 SB 185 101 15 55 5.43 4,20
SPS-8 49 0803 SB 58 107 11 55 4.29 4.20
SPS-6 29 AB06 SC 36 110 13 55 5.71 4.20
SPS-6 29 0608 SC 119 59 C12 50 5.06 4.24

Goodness-of-Fit between Experimental Data and Theoretical Statistical Distribution

Formulation of Statigica Hypothesis

Goodness-of-fit tests are used to evauate bow close the experimental data follow the assumed
theoretica distribution. If the targeted theoreticd digtribution is a “normd” digtribution, then the
goodness-of-fit test becomes the test for normality. Such a test evauates the closeness of the
experimentad data digtribution to the normal didtribution.

In the goodness-of-fit test, the null and alternative hypotheses are established first:
o The nul hypshess “Messured fidd data follows a sdlected theoretical distribution, @.”
o The dternative hypothess “Messured field data does not foliow the theoretical
distribution, ©.”

There are two kinds of errors that can be made in testing the hypothesis:

o Type I error: A true null hypothesis can be incorrectly rejected.
o Type II eror: A fake null hypothesis can fail to be rejected.
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In the test of a hypothesis, it is desirable to have a smdl type I error and large power. Power is
equa to 1 minus probability of a type II eror and is defined as the probability of rejecting the
null hypothess when the dternaive hypothess is true. Testing whether a measured varigble
follows a certain theoretica didtribution is not sraightforward in the sense that the various tests
ae only powerful agang cetan types of dternative didributions.

Sdection of the Targeted Theoreticad Didribution

Based on the assumption that thickness measurements follow the same kind of distribution for
any layer, one type of didribution. was looked for. To determine the likely didtribution shepe, the
measures of skewness and kurtosis were evauated. The skewness of al samples ranged from -
245 to +3.92 with a median of 0.024, while the kurtoss of al samples ranged from -1.56 to
+17.78 with a median of -0.033. These measures indicate no particular skewness to ether sde
or dther particular long or short tails. This observation was confirmed by inspection of the layer
thickness frequency didributions of each sample. While most of the reviewed layer thickness
digributions looked farly normd, as shown in figure 24, some samples had digtributions that
were skewed to one Sde or the other sde, or looked rather uniformly distributed. Examples of
different digtribution shepes observed for the LTPP layer thickness measurements are provided
in figures 23 to 24. The normal digtribution was therefore selected as the most likely theoretica
distribution to describe variability in the layer thickness along the LTPP section. This hypothess
was then tested using a goodness-of-fit test.
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Figure 24. Chat. Example of the normd layer thickness digtribution for PCC surface layer,
SPS-2, Section 10_0211.
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Figure 25: Chart. Example of the uniform layer thickness distribution for dense graded
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aggregate base, SPS-1, Section 12_0101.
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Figure 26. Chart. Example of the layer thickness distribution skewed to the right for PCC

surface layer, SPS-2, Section19_0213.
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Sdection of Testing Procedure

The goodness-of-fit test between assumed theoretica distribution and distribution of the
observed data could be done usng severd methods including:

e Chi-sguare test
e Kolmogorov-Smirnov test

For the norma digtribution more goodness-of-fit methods are available, including:

e  Shapiro-Wilk's test
e Tedts of kurtosis and skewness

To sdect the best applicable testing procedure, the I.TPP layer thickness data characteristics
were andyzed firs. Based on the data review the following was established:

Layer thickness values are measured a multiple locations dong the LTPP section.
Most of layer thickness didributions look fairly normal.

There is a large number of same thickness measurements (many “ties’) in a section.
The number of data points and locations are different from one section to another and
between different experiments.

The assumptions and requirements of different goodness-of-fit tests were reviewed from the
point of their applicability and the robustness of the procedure when it is applied to the LTPP
layer thickness data. Thegod of this review was to find a procedure that could be uniformly
used for dl the sections with varigble number of data points without compromisng the test

accuracy and without violating any of the underlying test assumptions.

For most theoretica digtributions, the choice is limited to tests like the Kolmogorov-Smirnov  test
or the chi-square goodness-of-fit test [32]. The advantage of the Kolmogorov-Smirnov tes is
that unlike the chi-square test it does not have drict rules on the required number of data groups
and minimum theoretical frequencies that have to be satisfied in order for the test to be
meaningful. The Kolmogorov-Smirnov test could be done for the samples with as few as five
observations.  The Kolmogorov-Smirnov test is also more powerful than the chi-square test.

If the null hypothes's is that the measured variable follows a normd didribution, there are more
powerful tests available, such as the Shapiro-Wilk’s test [33], the test of skewness or the third
sample moment test and the test of kurtoss or the fourth sample moment test [34]. The latter
two tests work for asample with nine observations or more. These tests are preferred to the
Kolmogorov-Smirnov test because of the increased power {34} they provide. For a test to work
wdl, it should have high power agang all possible dternatives, which is not true for ether the
Kolmogorov-Smirnov test or the chi-square goodness-of-fit test. For the LTPP layer thickness
data the Shapiro-Wilk’s test was not gppropriate, due to the many thickness measurement values
tha were the same (many “ties’ [34]) for a given pavement layer and LTPP section.
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The following table 35 provides a summary of the pros and cons of the reviewed goodness-of-fit

testing methods.

Table 35. Evaluation summary of the goodness-of-fit testing methods.

Evaluation Criteri Chi-Square | Kolmogorov- Sharpire- | Skewness-and-
valuation Criteria test Smirnov fest Wilk test Kurtosis test
Test power (for normality only) | very poor poor high high
Mmlmum number of 25 5 3 9
observations

Mlmmur_n nu{nber .Of . 5 no restriction | no restriction | no restriction
observations in a single bin :
Handling of “ties” high high poor high

Based on the review of different goodness-of-fit tests’ procedures and analysis of the available
layer thickness data, the following conclusions were derived:

Goodness-of-fit tests are generally only powerful against certain alternative distributions -~
that is the reason why so many tests have been developed.

e For testing distribution normality, no other tests are as well rounded as the Sharpiro-Wilk test
or the Skewness’ and Kurtosis tests.

e The Sharpiro-Wilk test doesn’t handle ties well - which leaves the Skewness and Kurtosis
tests as the best alternative for evaluation of within-section layer distribution normality.

The combined skewness and kurtosis test was selected for the evaluation of layer thickness
distribution normality. Rejection in either skewness or kurtosis test was considered as a rejection
of normality altogether. For example, for a sample to be considered as normally distribute :d, the

analysis of data should pass both the skewness and the kurtosis tests for a selected level of
significance.

Selection of the Level of Significance

The level of significance of 1 percent was chosen for the goodness-of-fit tests. The following
considerations were taken into account in selecting this desired level of significance:

¢ In the test of a hypothesis, it is desirable to have a small type I error and Barge power;
however, that cannot happen simultaneously. A compromise is found by setting the level
of significance (or type I error) to either 5 percent or 1 percent, or even less.

e In many cases a 5 percent level is reasonable. In these cases, when testing a null
hypothesis the researcher3 very frequently put forward a null hypothesis in the hope that
they can discredit it.

@ In the case of the goodness-of-fit test, the null hypothesis is that the distribution of the
field data and the theoretical normal distribution are the same and the desire is not to
reject (or fail-to-reject) this hypothesis.

e A rejection of a null hypothesis is a much stronger statement than a fail-to-reject
outcome. A rejection of a null hypothesis says we are certain (at the s;pecified
significance level) that the null hypothesis is not true.
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e A falureto-rgect means ether there was not enough evidence to indicate the
discrepancy or the discrepancy was redly not there.

e In lieu of the problems with power of the goodness-of-fit tests, it is better to be dightly
conservative and use a1 percent sgnificance levd. The lower the dgnificance levd, the
more the data mugt diverge from the null hypothesis to be significant.

e For the goodness-of-fit tedt, in case of rgection, we are 99 percent certain that the
digribution is not normd.

Procedures for the Skewness and Kurtosis Test

Based on the assessment of the LTPP layer thickness data from the
SPS*_LLAYER_THICKNESS tables, a procedure based on the combination of skewness and
kurtosis tests was sdlected as the most gppropriate for ascertaining whether the frequency
distributions of layer thickness measurements teken adong the LTPP section follow a norma
digribution. In this procedure, for a sample not to be regected (as normdly distributed), the layer
thickness measurements sample should pass both the skewness and the kurtoss tests for a
sected levd of ggnificance of 1 percent.

The procedure used for the combined skewness and kurtosis test is outlined in the flowchart in
figure 27. Detailed datigtica formula used to compute test parameters are provided in Appendix
B.
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Compute skewness (k3) | Compute kurtosis (ks)

v v

Obtain skewness coefficient (g;) Obtain kurtoss coefficient (gz)
Obtain corresponding values of Obtain corresponding values of
71 statistic 7, ddidic
v 1

—
Compute p-value Compute p-vaue
p1= P(Z>|Z[|) P2 P(Z>IZ2|)
4 4
Test Null hypothesis ; Test Null hypothesis
Hy: skewness =0 Ho: kurtosis =0
H,: skewness # 0 H,: kurtoss # 0

>

Distribution is _
1 not normal [V

Figure 27: Chart. Flowchart of the kurtoss and skewness test procedures used for the test of
layer thickness digribution normdlity.

The skewness and kurtoss tests are based on evauations of the third and fourth moments of the
meesurement  didtribution. The digtribution is not rejected for being normaly digributed if the

absolute vaues of the z;- and z,-statistics computed separately based on skewness and kurtosis
vaues are less than the Z-vaue of 2.57.

Z-vaue is obtained from the sandard normal digribution, assuming a 1 percent level of
sgnificance. If a sample follows the standard norma digtribution, the value Z=2.57 describes the
distribution with(.5 percent of the all the values from the sample greater than 257 and 0.5

percent of the values smaler than -2.57. Thus, when Z is equa to 2.57 the level of significance
isi percent.

The z;- and z,-statistics are used to obtain the p-values (the probability that. values of the

standard normd distribution are more extreme than the computed z;- and z;-statistics). The p-
-vaues are defined in figure 28, as follows.

p1=P@>\)) ¢
p2= P(Z>i22D
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Figure 28: Equation. Definition of p-vaues.

Based on the selected | percent level of Sgnificance if pi- and pz-values are larger than 1

percent or equivdently if |z:] and |z;| < 2.57, we fail to regject that the data follow a normal
digribution.

Example of the Kurtoss and Skewness Tests

The following example provides the comparison of the kurtosis and skewness test results
obtained for the same binder course layer in the SPS-6 Section 40_0608, including and excluding
an obvious outlier thickness measurement (86-mm [3.4-in] outlier thickness for a sample with
151-mm [5.951-in] mean thickness). Table 36 provides the summary of the test results.

Table 36. Kurtosis and skewness test results summary for binder course layer, SPS-6 Section

40_0608.
Mean
Sample Sample Sample gg?;?:: 1 o2 21 2 Z- Is
Characteristic Size, n | Thickness, s 1| 8 value| Normal?
mm
Outlier included in 55 151.15 1272 | 260 | 1174 | 551 | 4.80 | 257 No
the analysis
Outlier excluded 54 152.35 017 | 057 | 068 | -177 | 114 | 257 | Yes
from the analysis

When the outlier point was excluded, the mean does not change much while the standard
deviation becomes (.7 times smdler, and the skewness (g;) and the kurtosis (g;) change
consderably. For this example, the excluson ofthe outlying data point means that the tests for
normality change from reect to not reject.

Results of the Kurtosis and Skewness Test of Normality for SPS Structural Lavers

Kurtoss and skewness tests of normdity were used to evaluate whether the experimenta layer
thickness data follow the theoreticad norma digtribution. A tota of 1,047 layer thickness
samples from the SPS experiments were considered for the andysis. Based on the number of
avalable observations per sample, 13 samples were excluded from the anadyss. These samples
had fewer than 9 observationsthe minimum number required for the kurtoss and skewness
tests. All the samples were tested assuming the same evauation criterion & 1 percent level of

sgnificance. The procedure for the kurtoss and skewness tests of normdity described in the
previous section was utilized.

The reaults of the kurtoss and skewness tests for different pavement materid and layer types
indicate that, based on the sdected 1 percent leve of sgnificance, overdl 84 percent of dl layer
thickness frequency didributions were not regected for being normdly distributed. This finding
indicates that in generd it is reasonable to assume that the layer thickness measurements taken
adong the section are normdly didributed, but in a smdl number of sections this is not so. The
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distribution normality evauations are summarized in table 37 by SPS experiment number and by
layer and materid type, respectively.

Table 37. Summary of the normdity evauation results.

Experiment | Number of Layers | Not Rejected (Normal) | Rejected (Not Normal)
AC_SURFACE_COURSE
SPS-5 93 78 (83.9 %) 15 (16.1 %)
SPS-6 36 30 (83.3 %) 6 (16.7 %)
SURFACE_AND_BINDER
SPS-1 167 136 (814 %) 31 (18.6 %)
SPS-8 22 20 (90.9 %) 2(9.1 %)
PERM_ASPH _TREAT_BASE
SPS-1 83 72 (86.8 %) 11 (13.2 %)
SPS-2 46 41 (89.1 %) 5 (10.9 %)
I PCC_SURFACE
SPS-2 139 102 (734 %) 37 (26.6 %)
SPS-7 24 23 (95.8 %) 1(4.2 %)
SPS-8 14 12 (85.7 %) 2 (14.3 %)
LEAN-CONCRETE
SIPS-2 48 | 40 (83.3 %) | 8 (16.7 %)
DENSE_GRD_ASPH_TREAT_BASE
SPS-1 97 | 87 (89.7 %) | 10 (10.3 %)
DENSE-GRADE-AGG-BASE
SPS-1 97 84 (86.6 %) 13 (13.4 %)
SIPS-2 84 70 (83.3 %) 14 (155 %)
SW-8 38 30 (79.0 %) 8 (21.0 %)
BINDER-COURSE
SPS-5 33 30 (87.9 %) 3 (12.1 %)
SIPS-6 13 12 (92.3 %) 1 (7.7 %)

Figures 29 through 44 provide examples of layer thickness frequency digtributions obtained from
the devation measurements data for different layer and materid types evaluated in the goodness-
of-fit study. The data used to create these frequency distributions were determined to be
reasonably norma based on skewness and kurtosis tests at selected levd of sgnificance
Theoretical normad distributions are superimposed over fidd frequency data t¢ provide means for
visual comparison between field data and theoretica distributions.
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Figure 29: Chart. Ei(ample digribution of layer thickness measurements aong the section for
the DGAB layer for the SPS-1 Section 35-0108.
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Figure 30: Chat. Example didtribution of layer thickness measurements aong the section for
the DGAB layer for the SPS-2 Section 19-0214.
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Figure 3 1: Chart., Example distribution of layer thickness measurements along the section for
the DGAB layer for the SPS-8 Section 08-0811..
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Figure 32: Chart. Example digribution of layer thickness measurements aong the section for
the DGATB layer for the SPS-1 Section 22-0118.
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Figure 33: Chat. Example distribution of layer thickness measurements dong the section for
the LC base layer for the SPS-2 Section 53-0207.
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Figure 34: Chat. Example digribution of layer thickness measurements dong the section for
the PATB layer for the SPS| Section 20-0112.
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Figure 35: Chat. Example digribution of layer thickness measurements dong the section for
the PATB layer for the SPS-2 Section 08-0224.
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Figure 36. Chat. Example didribution of layer thickness measurements dong the section for
the PCC surface layer for the SPS-2 Section (38-0215.
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Fgure 37: Chat. Example digribution of layer thickness measurements aong the section for
the PCC surface layer for the SIPS-8 Section 39-0809.
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Figure 38: Chart. Example distribution of layer thickness measurements along the section for
the PCC surface layer for the SPS-7 Section 19-0706.
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Figure 39: Chart. Example distribution of layer thickness measurements aong the section for
the surface and binder layer for the SPS-1 Section 550118.
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Figure 40: Chart. Example didribution of layer thickness measurements dong the section for
tbe surface and binder layer for the SPS-8 Section 48-0802.
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Figure 41: Chart. Example distribution of layer thickness measurements along the section for
the surface layer for the SPS-5 Section 35-0507.
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Figure 42: Chart. Example distribution Of layer thickness measurements aong the section for
the surface Bayer for the SPS-6 Section d-2-0603.
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In addition to the kurtosis and skewness tests, Kolmogorov-Smirnov goodness-of-fit tests were

caried out for the layer with thickness data in the SPS*_LAYER_THICKNESS tables. As was
discussed earlier in the chapter, this testing procedure is not as powerful for testing normality as

the kurtosis and skewness tests. A summary of the Kolmogorov-Smirnov goodness-of-fit testing
procedure and evauation results are presented in the Appendix C.

Summary

In this chapter, layer thickness data from the SPS eevaion measurements were andyze d to
determine the extent to which the variaion of layer thickness within a section follows typic al
datistica digributions. Data from the SPS*_LAYER_THICKNESS tables were obtained and
reviewed. The layers used in the andyss include different materid types and functiond
classfications, such as AC surface courses, combined AC surface and binder courses, AC binder
courses, DGAB’s, ATB’s, LC bases, PCC surface layers, and PCC overlay layers. A
methodology for identifying anomadous outlier points based on t-didribution was developed and
utilized in evaluation of layer thickness data for each layer in the SPS*_LA YER_THICKNESS
tables. All identified anomaous outlier data points were analyzed and reported to FHWA.

To assess layer thickness digtribution characterigtics, descriptive dtetistics such as mean, standard
deviation, skewness, and kurtoss were computed for each section. Using descriptive statistics,
the andlyss of likdy shapes of layer thickness distribution was conducted. The results of
exploratory anayss indicated that, for most of the sections, the didribution is likely to be
normal. To peform a more rigorous test of distribution normality, available procedures for
goodness-of-fit tests were reviewed and their applicability to the evauation of layer thickness
data was evaluated. Based on the literature review, a combined test for skewness and kurtosis
was sdected to test normdity of layer thickness digtribution. A summary of the testing
procedure was documented in this chapter. The andysis results for 1,034 SPS layers indicated
that for 84 percent of dl layer, frequency digtributions of thickness values were not rejected for
being normdly digributed. Thus, LTPP data indicate that layer thickness variation wi thin a
section follows a normal didribution in most cases. These results woul d serve as a very
important input to pavement engineering applications involving design rdiability
implementation.
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6. CHARACTERIZATION OF VARIATION BETWEEN AS-DESIGNED AND AS-
CONSTRUCTED LAYER THICKNESSES

The main purpose of this chepter is to characterize the extent of differences in the layer thickness
data between as-designed and as-constructed (measured) thicknesses for the newly constructed
SPS layers. Only these new SPS layers have design thicknesses accurately documented.

Data sources for the andyss are discussed firgt, followed by an overview of as-desgned
thicknesses for the newly congtructed SPS layers. After that, typicd thickness deviations from
the target thicknesses are summarized, as well as ther digribution types. Findly, the results of
the statisticd andysis are presented.

Data Sources

Two thickness data sources with multiple measurements on a given layer exis in the LTPP
database:

"o FHevaion measurements in SPS*_LAYER_THICKNESS tables for experiments SPS-1,
SPS-2, SPS-5, SPS6, SPS-7, and SPS-8.
o Pavement core measurements in testing tables TST_AC01_LAYER and TST_PCO06.

According to the &S construction guidelines [35-40], rod and level survey measurements are to
be taken at a mini mum of five offsat locations (edge, outer whed path, midlane, inner whed
path, and inside edge of lane) a longitudind intervals no greater than 15 m (50 ft). Typicdly, 55
elevation measurements are available for each regular SPS test section.

The number of cores taken at each section depends on experiment and layer type and is defined
in the corresponding Sampling and Tegting Guide [6-1 1]. The number of cores per section
ranges between | and 9.

All sections with avalable thickness data in ether one of these tables are studied to quantify as-
designed versus as-condructed variations in layer thickness.

For the section/layer combination, an andlyss cdl is defined to represent a specific layer in a test
section for which the target thickness was documented. The following fidlds from TST_LOS5 B

or EXPERIMENT_SECTION table in LTPP database dong with the design target layer
thickness define a unique andlyss cdl:

EXPERIMENT_NO (Experiment number) |
LAYER_TYPE (Layer type).
MATL_CODE (Material type description)
Target layer thickness.

@ & © ©
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Design Thicknesses

For newly constructed SPS layers, the design thicknesses are defined in the corresponding SPS
Experimental Designs [12-17]. The desgn thicknesses are available for the following Bayer
types.

SB - AC surface and binder thickness (SPS-1, SPS-5, SPS-6, SPS-8).
DGATB — Dense-graded asphalt-treated base (SPS- 1).

PATB - Permeable asphdt-treated base (SPS 1, SPS-2).

PCC - Portland cement concrete (SPS-2, SPS-7, SPS-8).

LC - Lean concrete (SPS-2).

DGAB - Dense-graded aggregate base (SPS-1, SPS-2, SPS-8).

o ® © @ e o

The design thicknesses for al these SPS experiments and layer types are presented in tables 38
through 43.

Table 38. Design layer thicknesses for the SPS-1 experiment.

Design Layer Thickness, mm (i)
SHRP_ID
DGAB PATE DGATB SB
0101 203 (8) 178 (7)
0102 305 (12) 102 (4)
0103 203 (8) 102 (4)
0104 305 (12) 178 (7)
0105 102 (@) 102 (4) 102 (4)
0106 102 (4) 203 (8) 178 (7)
0107 102 (4) 102 (4) 102 (4)
0108 203 (8) 102 (4) 178 (7)
0109 305 (12) 102 (4) 178 (7)
0110 102 (4) 102 (4) 178 (7)
0111 102 (4) 203 (8) 102 (4)
0112 102 (4) 305 (12) 102 (4)
0113 203 (8) 102 (4)
0114 305 (12) 178 (7)
0115 203 (8) 178 (7)
0116 305 (12) 102 (4)
0117 102 (4) 102 (4) 178 (7)
0118 102 (4) 203 (8) 102 (4)
0119 102 @) 102 (4) 178 (7)
0120 203 (8) 102 (4) 102 (4)
0121 305 (12) 102 (4) 102 &)
0122 102 (4) 102 (4) 102 (4)
0123 102 (4) 203 (8) 178 (1)
0124 102 (4) 305 (12) 178 ()
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Table 39. Design layer thicknesses for the SPS-2 experiment.

Design Layer Thickness, mm (in)

SHRP_ID

DGAB PATB LC PCC
0201 152 (6) 203 (8)
0202 152 (6) 203 (8)
0203 152 (6) 279 (11)
0204 152 (6) 279 (11)
0205 152 (6) 203 (8)
0206 152 (6) 203 (8)
0207 152 (6) 279 (11)
0208 152 (6) 279 (11)
0209 102 (4) 102 (4) 203 (8)
0210 102 (4) 102 (4) 203 (8)
0211 102 (4) 102 (4) 279 (11)
0212 102 (4) 102 (4) 279 (11)
0213 152 (6) 203 (8)
0214 152 (6) 203 (8)
0215 152 (6) 279 (11)
0216 152 (6) 279 (11)
0217 152 (6) 203 (8)
0218 152 (6) 203 (8)
0219 152 (6) 279 (11)
0220 152 (6) 279 (11)
0221 102 (4) 102 (4) 203 (8)
0222 102 (4) 102 (4) 203 (8)
0223 102 (4) 102 (4) 279 (11)
0224 102 (4) 102 (4) 279 (11)

Table 40, Dedgn layer thicknesses for the SPS-5 experiment.

Design Layer
SHRP_ID Thickness, mm (in)
SB

0501 0
0502 51(2)
0503 127 (5)
0504 127 (5)
0505 51 ()

0506 51(2)

0507 127 (5)
0508 127 (5)
0509 51(2)
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Table 41. Dedgn layer thicknesses for the SPS6 experiment.

Design Layer
SHRP_ID Thickness, mm (in)
SB
0601 0
0602 0
0603 102 (4)
0604 102 (4)
0605 0
0606 102 (4)
0607 102 (4
0608 203 (8)

Table 42. Design layer thicknesses for the SPS-7 experiment.

Design Layer
SHRP_ID Thickness, mm (in)

PCC
0701 0
0702 76 (3)
0703 76 (3)
0704 76 (3)
0705 76 (3)
0706 127 (5)
0707 127 (5)
0708 127 (5)
0709 127 (5)

Table 43. Design layer thicknesses for the SPS-8 experiment.

Design Layer Thickness, mm (im)
SHRP_ID
DGAB PCC SB

0801 203 (8) : 102 (4)
0802 305 (12) 178 (7)
0803 203 (8) 102 (4)
0804 305 (12) : 178 (D
0805 203 (8) 102 (4)
0806 305 (12) 179 ()
0807 152 (6) 203 (8)

0308 152 (6) 279 (11)

0809 152 (6) 203 (8)

0810 152 (6) 279 (11)

0811 152 (6) 203 (8)

0812 152 (6) 279 (11)
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Study Methodology

For both the eevation and core as-congtructed thickness measurements, typica mesan layer
thickness devidions are established by the following:

» Descriptive summary datistics of the average thicknesses deviations between as-designed

and as-condructed vaues for the layers with the same layer materia type and same
design thickness.

¢ Kurtoss and skewness tests of the distribution of the mean thicknesses for the layers with
the same layer materid type and the same design thickness.

Two types of comparisons are made in relation to their as-designed thicknesses or target vaues.

¢ Evaudion of the percent of the individud measurements that are ether within or outsde
specific vaues from the target thickness.

¢ Statidicd andyds of the measured mean thickness values versus the designed values.

Descriptive Summary Statistics of the Thickness Deviations

The mean thickness difference between as-designed and as-constructed thicknesses was
computed for each layer using both core and eevation thickness measurements.

The following datigticd indicators were computed:

Totd number of sections or layers.

Mean thickness deviation.

Minimum thickness deviation.

Maximum thickness devidtion.

Standard deviation of thickness deviation.
COV of thickness devidion.

The andyses were done separately for the thickness data obtained from core measurements and
for the data from devation measurements.

Layer Thickness Deviaion Didribution Type

Mean thickness deviaions from layers or sections were andyzed to determine whether they
follow typica detidicd distributions. Skewness and kurtoss andyses were conducted for this
purpose, using the methodology outlined in chapter 5.

Percentage Didribution of the Individud Messurements

To evauate the variation between as-designed and as-congtructed thicknesses, deviations of the
individud measurements in reation to the target vaues are computed for each andyss cdll.
These deviations are then summarized into three deviation levels: 6.35 mm (0.25 in), 12.7 mm
(05 in), and 254 mm (1 in), for different materid types and target thickness vaues.
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This evauation provides information regarding variations between as-constructed and as-
designed thicknesses a individud measurement leve.

Satidicd Andyss of Sample Measurement Means

Satidicd andyss is peformed to evauate variations for each andyss cdl. The god of
datistical andysis is to assess deviaion of the measurement population means from the target
thicknesses. Two types of the thickness comparison are performed for both data sources:

[

Two-sded t-tests with 95 percent confidence level for each section and layer, to
determine whether the differences between as-designed and as-congtructed thicknesses
ae dgnificant.

The null hypothesis for this test is that average of core or devation thickness data is equa
to the target thickness, i.e.:

Hy * Mooy average = § design = O versus H — Ugeqon * 0 for elevation data or

H

alt * “elev.average design

0 * Mooreaverage ™ Faosien = O VEISUS Hy & W o nverage — Laesign 7 0 fOr core thickness data.

Figure/ 45: Equation. The null and dternative hypotheses for two-sided t-test.

If the null hypothess is rgected (i.e, the result of the two-sded t-test is Sgnificant), then
the measured mean thickness is different from the design thickness a the 95 percent
confidence levd. On the other hand, if the null hypothesis is not rgected or the test result
IS not ggnificant, then there is no evidence that the measured mean thickness is different
from the design vaue.

One-sided t-tests with 95 percent confidence Beve for the difference between as-designed
thickness and the mean as-constructied thickness and for tolerance level of 6.35 mm (0.25
in), 12.7 mm (05 in), and 254 mm (1 in). The null hypothess is that the absolute vaue
of the difference between the mean and target thickness is less than or equd to the
tolerance level with the dterndive hypothess being that the absolute vaue of the
difference is greater than the tolerance Bevel. For example, for elevation data, for
dlowance of 6.35 mm (0.25 in), the null and dternative hypotheses are:

H t <6.35mmversus H  : \ -1 > 6.35mm \

O ‘M elev.average = design\ p’elev,average design\

Figure 44: Equation. The null and dternaive hypothess for one-sded t-test.

If the null hypothesis is regected (Le, the result the one-sided t-test is sgnificant), then
the measured mean thickness deviaes from the design thickness by more than the
specified dlowance (in this example 6.35 mm) a a 95 percent confidence Bevel.  On the
other hand, if the null hypothess is not rgected or the test result is not sgnificant, then
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there is no evidence that the measured mean thickness deviates from the designed vaue
by more than the specified dlowance vaue, in other words, that the mean thickness is
within the dlowance vaue (in this case 6.35 mm) from the designed thickness.

Typical Deviations between Mean Measured and the Design Thicknesses

Descriptive Summary Statistics

Mean layer thickness data for SPS experimental sections with newly condructed layers were
obtained from the TST_ACO01_LAYER and TST_PC06 tables (core thickness), and from the
SPS*_LAYER_THICKNESS tables (elevation thickness), to compute measured thickness

deviaion from the desgn value. The andyss was done for the sets of data grouped by target
desgn thickness, materid, and layer type. The following daidtica indicators were computed:

Totd number of sections or layers

Mean thickness deviation

Minimum thickness deviation
Maximum thickness deviation

Standard deviation of thickness deviation
e COV of thickness deviation

The andyses were done separately for the thickness data obtained from core measurements and
for the data from devation measurements. Table 44 summarizes layer thickness deviaions by
different layer and materia types based on andysis of €devation measurements. Table 45
summarizes mean core examindion layer thickness deviaions from their desgned vaues by
different layer and materid types.

Figures 47 through 61 present the frequency distributions of the thic kness deviaions for different
layer types and target thicknesses for both core and eevation thickness measurements.

The following obsarvations are made based on these summary datistics

e The computed description datisticsusing eevation measurement data are different from
those usng core examination data However, based on datigticd andyses, the
differences in the mean layer thicknesses and standard deviations at the section or layer
level are not dgnificant for a mgority of the layers.

e The mean congtructed layer thicknesses for PCC layers and lean concrete base layers are
generdly above the designed vaues.

¢ For the same layer and materid type, the mean constructed layer thicknesses tend to be

above the designed vaue for the thinner layers, and below the design vaue for the thicker
layers.
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These summary datistics for the differences between as-designed and mean as-condructed layer
thicknesses can be used as benchmarks for use in pavement design rdiability and other research
studies.
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Laver Thickness Deviation Distribution Tvpe

Mean thickness deviaions from layers or sections were andlyzed to determine whether they
follow typical detigtical didtributions. Skewness and kurtosis anadyses were conducted for this
purpose. The datistical test results are presented in table 46 for both the elevation and core mean
layer thicknesses. Examples of the thickness deviation distributions are shown in figures 62 and
63.

Table 46. Didribution of the mean thickness deviations from the design thickness based on
kurtosis and skewness tests.

Mat. Tl':;ig:ss Elevation Measurement Data Core Examination Data
Type mm | in LaN;:;rs Distribution Type - LaN(:;rs Distribution Type
102 4 84 Normal
DGAB 152 6 55 | Wide spread and skewed left
203 8 40 |Wide spread and skewed right
305 12 40 | Wide spread and skewed left
102 4 27 Normal 22 Normal
DGATB { 203 8 42 | Wide spread and skewed left 34 Normal
305 | 12 28 Normal 22 Wide spread and skewed left
LC 152 6 48 Normal 36 Normal
PATB 102 4 129 Skewed right 32 Normal
76 3 12 Normal 10 Normal
PCC 127 5 i2 Normal 12 Normal
203 8 76 Wide Spread 71 Normal
2791 11 77 Normal 71 Wide spread and skewed left
51 2 46 Skewed right 45 Normal
102 4 125 Skewed left 114 Wide spread and skewed left
SB 127 5 46 Normal 47 Normal
178 7 95 Skewed left 94 Wide spread and skewed left
203 8 7 6

As shown in table 46, there are some discrepancies between the distribution types drawvn from
elevation data and core data. For the layers with both elevation and core data, the distribution of
the thickness deviation derived from the core data is norma for more layer type and design
thicknesses than from the eevation data

The conclusons drawn from both the descriptive dtatistics and the kurtosis andskewness tests of
ther digtribution types will be useful for pavement designers and researchers. They will be
egoecidly useful in rdiability based mechanidic-empirical pavement performance andyss and
desgn.
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Statistical Analysis of Elevation Measurements

Andyss of the Percentage Didtribution

The overdl percentage digtribution of eevation measurements as a function of the three

tolerance levels is presented in table 47.

Table 47. Percentage didtribution summary of the eevation thickness measurements.

Difference Between As-Constructed and As-Designed Thickness

Measured
Layer . . . . . .
Thi ck)rll ess, Diff = 6.35 mm (0.25 in) Diff = 12,7 mm (0.5 in) Diff = 25.4 mm (1.0 in)
t Number of Percent of Number of Percent of Number of Percent of
Measurements Measurements | Measurements | Measurements | Measurements | M easg_rements=‘

5% . Diff 15557 30.30 8481 1652 3656 712

t within

TV + Diff 17788 34.65 32542 63.38 44324 86.33
£>

TV + Diff 179%6 35.05 10318 20.10 3361 6.55
Total 51341 160 51341 100 51341 160

Notes: ‘Target value

The didribution of measurements by layer type for tolerance levels of 6.35 mm (0.25 in), 12.7

mm (0.5 in), and 254 mm (1 in) are presented in tables 48,459, and 50, respectively.
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Table 48. Percentage distribution of individual eevation measurements by layer type and design

thickness for a tolerance level of 6.35 mm (0.25 in).

Targét Thickness Thickness Within Thickness Total
Layer | Thickness | <TV-6.35 mm (0.25 in) | TV + 6.35 mm (0.25 in) | >TV+6.35 mm (0.25 in) Number of
umber o
Type . Number of | Percent of | Number of | Percent of | Number of | Percent of Measurem.
mm | I s feasurem. | Measurem. | Measurem. | Measurem. | Measurem. | Measurem. a :
102 4 1376 31.9 1686 39.0 1256 29.1 4318
DGAB 152 6 820 31.1 1046 39.7 772 29.3 2638
203 g 675 32.0 679 32.2 756 35.8 2110
305 12 809 37.8 722 33.7 609 28.5 2140
102 4 370 25.9 597 41.8 461 32.3 1428
DGATB | 203 8 700 30.3 700 30.3 907 393 2307
305 12 570 37.6 499 32.9 446 29.4 1515
LC 152 6 342 13.9 1034 42.1 1082 44.0 2458
PATB 102 4 2059 30.6 2554 37.9 2124 31.5 6737
76 3 7 1.5 96 21.0 355 77.5 458
pcC [ | S 10 2.2 85 185 365 79.3 460
203 8 706 18.5 1296 33.9 1821 47.6 3823
279§ 11 713 18.3 1460 37.5 1721 442 3894
51 2 655 27.3 810 33.8 932 | 38.9 2397
102 4 2286 339 2203 32.6 2759 33.5 6748
SB 127 5 1107 46.2 617 25.8 671 28.0 2395
178 7 2201 42.9 1589 30.9 1345 262 5135
203 8 151 39.7 115 30.3 114 30.0 380
Total 15557 38.3 17788 346 | 1799 351 | 51341

Table 49. Percentage didtribution of individua eeveation measurements by layer type and design
thi ckness for a tolerance level of 12.7 mm (0.5 in).

Target Thickness Thickness Within Thickness Total
Layer | Thickness | <TV-12.7mm (0.5in) | TV + 12.7 mam (0.5 in) | >TV+12.7 mm (.5 in) Number of
Type ‘ mm [ in Number of|Percent of | Number of Percent of [Number of | Percent of Measurem.
Measurem. | Measurem. | Measurem. | Measurem. | Measurem. | Measurem.
1021 4 589 13.6 2990 69.2 739 17.1 4318
pGap L1921 6 447 16.9 1796 68.1 395 15.0 2638
203] 8 425 20.1 1284 60.9 401 19.0 2110
305 | 12 560 26.2 1168 54.6 412 19.3 2140
102 4 104 73 1087 76.1 237 16.6 1428
DGATB| 203 | 8 384 16.6 1419 61.5 504 21.8 2307
305 | 12 370 24.4 851 56.2 204 19.4 1515
LC 1521 6 168 6.8 1661 | 676 629 | 256 | 2458
PATB | 102] 4 790 11.7 4774 1 709 | 1173 | 174 | 6737
76| 3 2 0.4 159 | 347 | 297 | 648 | 458
PCC 127 5 2 | 04 - 214 | 465 | 244 | 530 | 460 |
{2031 8] 323 | 8.4 2549 66.7 | 951 | 249 | 3823
| 2791 11 338 8.7 2745 705 | 811 | 208 | 3894
| 51 2 374 15.6 1420 509 | 603 | 759 2397
, 102 4 1360 20.2 4031 59.7 1357 | 20.1 6748 |
SB 127] 5 747 312 1241 51.8 407 17.0 2395
1781 7 1380 26.9 2971 57.9 784 15.3 5135
203 8 118 311 182 47.9 80 21.1 380
| Total 8481 16.5 32542 63.4 10318 20.1 51341
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Table 50. Percentage didribution of individuad devation measurements by layer type and design
thickness for a tolerance leve of 25.4 mm (1 in).

Target Mean Thickness Meax;%r':‘&;hess Mean Thickness Total
I&‘?x/;; Thickness | <TV-25.4 mm (Lin) TV + 25.4 mm (1in) >TV+25.4 mm (lin) Number of
mm | in Number of | Percent of | Number of | Percent of | Number of | Percent of |Measurem.
Measurem. | Measurem. | Measurem. | Measurem. | Measurem. | Measurem.
102 4 181 42 3910 90.6 227 5.3 4318
DGAB 152 6 187 7.1 2310 87.6 141 5.3 2638
203 8 124 5.9 1807 85.6 179 8.5 2110
305 12 260 12.1 1688 78.9 192 2.0 2140
102 4 9 0.6 1403 98.2 16 1.1 1428
DGATB | 203 8 134 5.8 2038 88.3 135 59 2307
305 12 170 11.2 1249 82.4 96 6.3 1515
LC 152 6 33 1.3 2228 90.6 197 8.0 2458
‘PATBs 1112 4 108 1.6 6378 947 251 3.7 6737
76 3 0] 0.0 308 67.2 150 32.8 458
PCC 127 5 0 0.0 336 73.0 124 27.0 460
203 8 64 1.7 3474 90.9 285 7.5 3823
279 11 45 1.2 3593 02.3 256 6.6 3804
51 2 72 3.0 1970 82.2 355 14.8 2397
102 4 925 13.7 5512 81.7 311 4.6 6748
SB 127 5 298 124 1866 77.9 231 9.6 2395
178 7 983 19.1 3987 77.6 165 3.2 5135
203 8 63 16.6 267 70.3 50 13.2 380
Total 3656 7.1 44324 86.3 3361 6.5 51341

The grephical presentations of percentage digtributions of eevation measurements are shown in
figures 64, 65, and 66 for different tolerance levels.

The following conclusons may be drawn based on the percentage didributions of the devation
measurements.

@

@

Overdl, about 35 percent of the measurements are within + 6.35 mm (0.25 in) of the
target value, with about 30 percent lower than the target value and about 35 percent
higher than the target vaue by more than 6.35 mm (0.25 in).
Thickness measurements for asphat concrete surface and binder layers and thin bonded
PCC layers condgtently show the highest deviations from the target values.
The percentage of thickness measurements that is greater than the target value for jointed
PCC and lean concrete base layers is sgnificantly higher than the percentage of the
measurements that are lower than the target value. Only 2 percent of thickness
measurements are lower and amost 80 percent are higher than the target vaue by more
than 6.35 mm (0.25 in) for thin PCC bonded layers (76-mm- [3-in-} and 127-mm- [5-in-]

thick).

Thickness measurements for PATB are more evenly distributed around the target value
than the thickness measurements for other layer types.
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Figure 64: Chart. Percentage digtribution of the devation measurements for a tolerance level of
6.35 mm (0.25 in) for different materid types and design thicknesses,
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Figure 65: Chart. Percentage didtribution of the devation measurements for a tolerance leve of
12.7 mm (0.5 in) for different maerid types and design thicknesses.
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Figure 66. Chart. Percentage distribution of the eevation measurements for a tolerance level of
254 mm (1 in) for different materid types and design thicknesses.
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Stidicd Anadyss of the Elevation Measurements

Two-sided t-test

After removing the outlying data points (as discussed in chapter 4), t-tests are performed to
evauate whether the mean congtructed thicknesses are close to the designed thicknesses. Many

of these tests are highly sgnificant, meaning that the mean condructed thickness is sgnificantly
different from the designed thickness.

The following notes gpply to tables 51 to 56 and tables 61 to 66:

o “Number of layers’ is used to summarize number of layers (which can be different layer

types and belong to the same or different sections) faling into certain tolerance range.
This is normdly an overdl summary.

¢ “Number of sections’ is used to summarize number of sections with the specified layer
type and desgn thickness fdling into certain tolerance range. This is used for
summarizing results by layer type and desgn thickness

Results of two-sided t-test with 95 percent confidence are presented in table 5 1. The results of
the two-sided t-tests by layer material type and target thickness are given in table 52.

Table 5 1. Summary of the results of the two-sided t-tests (95 percent confidence level) using

élevation measurements .
Mean Thickness Number of Layers Pescentage of Layers I
Significantly lower than the target value 357 36.10
No significant difference from the target value 196 19.82
Significantly higher than the target value 436 44.08
Total 989 106

The following observations are based on the results of the two-sided t-test for the eevation
measurements.

s Ovedl, only about 20 percent of the layers had mean constructed thicknesses not
sgnificantly different from ther target thicknesses

o All 24 sctions with 76-mm (3-in) or 123-mm (5-in) target thicknesses for bonded PCC
overlays are condructed sgnificantly thicker.

s For only 4 to 15 percent of the sections with SB layers and target thicknesses between 51
mm (2 in) and 178 mm (7 in), the as-congructed mean thickness is not sgnificantly
different from the as-designed thickness.

e The lowest deviations from as-designed thickness are observed for DGAB layers, for
which more than 30 percent of sections have as-congtructed mean thickness not
significantly different from the target vaue.
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Table 52. Reallts of the two-sided t-tet for different materid types (95 percent confidence
level) by layer type and design thickness using elevation measurements.

Target Significantly Lower No Significant Significantly Higher Total
Layer | Thickness | than the Target Value Difference than the Target Value Number of
Type mm | in Number of | Percent of | Number of | Percent of | Number of | Percent of Sections
Sections Sections Sections Sections Sections Sections

102 4 28 33.3 27 32.1 29 34.5 84

152 6 20 36.4 14 25.5 21 38.2 55

DGAB 531 2 30.0 15 37.5 i3 32.5 40
305 | 12 16 40.0 13 32.5 11 27.5 40

102 4 10 37.0 5 18.5 12 44.4 27

DGATB | 203 8 15 35.7 12 28.6 15 35.7 42
30| 12 14 50.0 3 10.7 11 39.3 28

LC 152 6 9 18.8 11 22.9 28 58.3 48
PATB 102 4 48 37.2 26 20.2 55 42.6 129
76 3 0 0.0 0 0.0 12 100.0 12

PCC 127 5 0 0.0 0 0.0 12 100.0 12
203 8 20 24.3 [§ 145 45 507 76

279 11 16 20.8 21 37.1 40 51.9 77

51 2 19 41.3 4 8.7 23 50.0 46

102 4 50 40.0 16 12.8 59 47.2 125

SB 1271 5. .29 63.0 2 4.3 15 32.6 46
178 7 48 50.5 14 14.7 33 34.7 95

203 8 3 42.9 2 28.6 2 28.6 7

Fotal 357 36.1 196 19.8 436 44.1 989

One-sided t-test

Three one-sided t-tests with a confidence level of 95 percent were performed to evauate whether

the absolute differences between as-constructed and as-designed thicknesses are greater than
6.35 mm (0.25 in), 12.7 mm (0.5 in), and 254 mm (1 in), respectively. The results of the overdl
andysis of dl data points for dl layers are presented in table 53.

The results of the andysis by layer materid type for different tolerance levels are presented in

tables 54 to 56.

Table 53. Summary of the results of one-Sded t-tests using eevation measurements.

Level of Difference Between the Mean As-Constructed and As-Designed Thickness \
Significance 6.35 mm (0.25 in) | 12.7 mm (0.5 in) | 25.4 mm (1.0 in) |
(TV - Target Number of \ Percent of \ Number of Percent of \ Number of \ Percent of
Value) Layers Layers Layers Layers Layers Layers
Significant! n - -

Iofver than %’V 181 18.3 102 10.3 50 5.1 \
No significant

difference from 562 56.8 760 76.8 908 91.8

the TV

Significantly

higher than TV 246 26.9 127 12.8 31 3.1

Total 989 106 989 160 989 100
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Table 54. Resuits of one-sided t-test for tolerance level of 6.35 mm (0.25 in) by layer type and

design thickness using €evation measurements.

Target Mean Thickness Meahw'li‘tl;:icﬂkness Mean Thickness Total
Hr,!‘a;lr;r Thickness | <TV-6.35 mm (0.25 in) TV  6.35 mm (0.25 in) >TV+6.35 mm (0.25 m)_ Numt_Jer of
mm | in | Number of | Percent of | Number of | Percent of | Number of | Percent of | Sections
Sections | Sections | Sections | Sections | Sections | Sections
102 4 12 14.3 59 70.2 13 15.5 84
152 6 9 16.4 40 72.7 6 10.9 55
DOAB 03] 8] 5 5 28 70.0 7 175 40
305 12 9 22.5 25 62.5 6 15.0 40
102 4 3 11.1 20 74.1 4 14.8 27 |
DGATB | 203 8 8 19.0 22 52.4 12 28.6 42
305 || 12 | 8 286 12 429 8 286 | 28
LC 152 6 3 6.3 28 58.3 17 354 48
PATB 102 4 21 16.3 81 62.8 27 289 i 129
. 76 3 0 0.0 2 16.7 10 83.3 12
PCC 127 5 0 0.0 3 25.0 9 75.0 12
203 8 5 6.6 41 53.9 30 39.5 76
279 | 11 8 104 44 57.1 25 32.5 71
51 2 9 19.6 24 52.2 13 28.3 - 46
102 4 31 24.8 65 520 29 23.2 125
SB 127 5 19 41.3 17 37.0 10 21.7 46
178 7 20 30.5 41 49.5 19 - 20.0 95 |
203 8 2 286 4 571 | 1 143 7
Total \ 1ol 18.3 562 568 | 246 24.9 989

Table 55. Results of one-Sded t-tests for tolerance level of 12.7 mm (0.5 in) by layer type and
desgn thickness usng eevaion measurements.

Target Mean Thickness Mear&vﬁ?r:(i:rl](ness Mean Thickness Total
Ii‘a;;e: Thickness | <TV-12.7 mm (0.5 in) TV +12.7 mm (0.5 in) >TV+12.7 mm (0.5 in) Number of
. Number of | Percent of | Number of | Percent of | Number of | Percent of | Sections
mm | m Sections Sections Sections Sections Sections Sections
102] 4 5 6.0 73 86.9 6 71 84
152 ] 6 6 10.9 a7 855 2 36 55
DGAB 5531 8 3 75 B 825 4 10.0 40
305 | 12 6 15.0 22 80.0 2 5.0 40
102 4 g 0.0 25 92.6 2 74 27
DGATB | 203 8 5 11.9 29  69.0 8 19.0 42
305 | 12 6 21.4 19 67.9 3 107 | 28
LC 1521 6 1 2.1 40 83.3 7 | 146 | 48 |
PATB | 102] 41 5 | 39 111 86.0 13 | 101 | 129 |
[ 76 1 31 0 | 00 N 7 | 583 | 5 | 417 | 12 |
PCC L1271 51 o | o0 | 6 | 500 1} 6 | 300 | 12 |
[203] 81 4 | 53 | 60 | 789 | 12 | 158 | 76 |
279 | 11 2 26 | 62 | 8.5 | 13 | 169 | 77
51 2 6 13.0 29 | 630 11 | 239 46
12| 4 20 16.0 88 | 704 17 13.6 125
SB 127] 5 10 21.7 29 63.0 7 15.2 46
178 | 7 21 22.1 66 69.5 8 8.4 95
203 8 2 28.6 4 57.1 1 14.3 7
Total 102 10.3 760 76.8 127 12.8 989
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Table 56. Results of one-sided t-test for tolerance level of 25.4 mm (1 in) by layer type and
desgn thickness usng eevation measurements.

Target Mean Thickness Mea%Vi'I;gli;kness Mean Thickness Total
Ii:;,);’c;r Thickness | <TV-25.4 mm (lin) TY A4 mm (Lin) >TV+25.4 mm (lin) Number of
. Number of | Percent of | Number of | Percent of | Number of | Percent of | Sections
mm pom Sections Sections Sections Sections Sections Sections
102 4 0 0.0 83 98.8 1 1.2 84
152 6 4 7.3 50 90.9 1 1.8 55
DGAB 55 8 0 0.0 39 97.5 ! 25 40
305 12) 2 5.0 38 95.0 0 0.0 40
110214 4 ¢] 0.0 27 100.0 0 0.0 27
DGATB| 203 8 2 4.8 39 92.9 1 2.4 42
305 12 1 3.6 26 92.9 1 3.6 28
LC 152] 6 0 0.0 46 %38 2 42 48
PATB 102 4 0 0.0 127 98.4 2 1.6 129
76 3 0 0.0 10 83.3 2 16.7 12
BCC 127 5 0 ‘ 0.0 10 83.3 2 16.7 12
203 8 1 1.3 73 96.1 2 2.6 76
279 | 11 0 0.0 75 97.4 2 2.6 77
51 2 0 0.0 41 89.1 5 10.9 46
102 4 18 14.4 104 83.2 3 24 125
SB 127 |1~ 5 4 © 87 39 84.8 3 6.5 46
178 7 17 17.9 76 80.0 2 2.1 95
203 8 1 14,3 5 714 1 14.3 7
Total 50 5.1 208 91.8 31 3.1 989

The reaults of the one-sded t-tests for the devation messurements are shown in figures 67, 68,
and 69 for the three different tolerance leves.

The following observations are drawn based on the results of the one-sided t-test for the
elevaiion messurements

s The AC surface and binder layers have the greatest number of sections with the mean
congtructed thickness tested to deviate more than their target values plus or minus dl
three tolerance levels (6.35 mm [0.25 in], 12.7 mm [OS in], and 25.4 mm {1 in]).

e For most sections (about 70 percent), the mean constructed thicknesses for the dense-
graded aggregate base layers are within £6.35 mm (0.25 in) of their target thickness

values.

For portland cement concrete sabs and lean concrete bases, a much higher percent of
sections had mean thicknesses greater than the target values plus tolerance levels than the
ones below the target values. For thin bonded PCC overlays (76-mm- [3-in-] and 127-
mm- [5-in-} thick) there are no sections with an as-congtructed thickness  Sgnificantly
lower than the target vadue for dl three tolerance levels.

For all layer materid types, except AC surface and binder layers and thin bonded PCC
dabs, more than 90 percent. of sections have mean layer thicknesses tested within 1254
mm (1 in) from ther target vaues
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Figure 67: Chart. Resuits of one-sided t-tests for the differences between mean eevation and
design thicknesses for a tolerance level of 6.35 mm (0.25 in).
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Figure 68. Chat. Results of one-sided t-tests for the differences between mean devaion and
design thicknesses for a tolerance level of 12.7 mm (0.5 in).
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Figure 69: Chart. Results of one-sded t-tests for the differences between mean eevation and
design thicknesses for a tolerance leve of 254 mm (1 in).
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Statistical Analysis of the Core Thickness Data

Analysis of the Percentage Didribution

The percentage didtribution of core data as a function of different tolerance levels is presented in
table 57.

Table 57. Summary of the percentage didtribution of the individud. core thickness measurements
versus the design thickness.

Difference Between As-Constructed and As-Designed
Measured i
Layer . . . . ) .
Thidenass Diff = 6.35 mm (0.25 in) Diff = 12.7 mm (0.5 in) Diff =254 mm (10 in) |
t Number of Percent of Number of Percent of Number of Percent of
Measurements | Measurements | Measurements | Measurements | Measurements | Measurements |
t<
TV - Diff 617 19.04 368 1135 179 552 |
t within
TV + Diff 1117 34.46 2026 62.51 2720 83.92 |
t>
A1 342 10.55
TV + Diff 1507 46.50 847 26.13
Total 3241 100 3241 100 3241 100
Notes: ‘Target value

The digtributions of measurements by layer type for tolerance levels of 6.35 mm (0.25 in), 12.7

mm (0.5 in), and 254 mm (1 in) are presented in tables 58, 59, and 60 for different layer types
and target thickness vaues.

Table 58. Percentage distribution of core thickness measurements by layer type and design

thickness for a tolerance level of 6.35 mm (0.25 in).

Target Thickness Thickness Within Thickness Total
Layer | Thickness | <TV-6.35 mm (0.25 in) | TV + 6.35 mm (0.25 in) | >TV+6.35 mm (025 im) | o 0o o
Type . Number of | Percent of | Number of | Percent of | Number of | Percent of Cores
mm | m Cores Cores Cores Cores Cores Cores
102] 4 23 25.0 46 50.0 23 25.0 92
DGATB| 203 | 8 42 29.6 46 32.4 54 38.0 142
305 | 121 36 04 |, 20 25 | 33 | UL, 89
LC 1521 6 24 13.2 50 27.5 108 59.3 182 |
PATB | 102 4 86 60.6 39 27.5 17 - 12.0 142 |
76| 3 5| 6.8 68 | 932 | 73 |
PCC L1271 5 1| 6.8 | 26 | 161 | 124 |\ 7710 | 16t |
[ 203] 8] 48 | 102 | 159 | 338 | 263 | 560 | 470 |
| 279 1 11 ] 67 | 152 | 182 | 414 | 191 | 434 | 440 |
| s1] 2] 10 | 60 | 63 | 380 | 93 | 560 | 166 |
| 1021 4| 63 | 11.8 | 213 | 399 | 258 483 | 534 |
sw (1271 5| e | 221 | & | 204 | 110 44 1 280 |
- 178 | 1 134 30.5 180 410 125 285 | 439
203] 8 9 40.9 3 13.6 10 455 | 22
| Total 617 19.0 1117 34.5 1507 465 | 3241
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Table 59. Percentage digtribution of core thickness messurements by layer type and design
thickness for a tolerance level of 12.7 mm (0.5in).

Target Thickness Thickness Within Thickness Total
Layer | Thickness | <TV-12.7 mm (0.5in) | TV +12.7 mm (0.5 in) >TV+12.7 mm (0.5 inm) Number of
Type N Number of | Percent of | Number of | Percent of | Number of | Percent of C
mm n Ores
Cores Cores Cores Cores Cores Cores 3
102 4 g 1 x.7 I 76 | §2.6 | 8 3.7 92
DGATB | 203 8 22 15.5 90 63.4 30 21.1 142
305 12 28 315 40 44.9 21 23.6 89
1L.C 152 6 15 8.2 105 57.7 62 34.1 182
(PATB™ [p [ 4 69 X8 53+ 444 [0 7.0 142
- 76 3 0 0.0 25 34.2 48 65.8 73
PCC 127 5 8 5.0 66 41.0 87 54.0 161
203 8 24 5.1 300 63.8 146 31.1 470
279 11 38 8.6 315 71.6 87 19.8 440
51 2 4 2.4 96 57.8 66 39.8 166
102 4 29 54 387 72.5 118 22.1 534
SB 127 5 22 7.6 166 57.4 101 34.9 289
178 7 93 21.2 290 66.1 56 12.8 439
203 8 8 36.4 7 31.8 7 31.8 22
Total 368 114 2026 62.5 847 26.1 3241

Table 60. Percentage didtribution of core thickness measurements by layer type and design
thickness for a tolerance leve of 254 mm (1 in).

Target Thickness Thickness Within Thickness Total
Layer | Thickness | <IV-254mm(lin) | TVt254mm(1in) | >TV+254mm@Ain) |\ b . oo
T . Number of | Percent of | Number of | Percent of | Number of | Percent of umbero
ype umber O ent u
mm | in Cores
Cores Cores Cores Cores Cores Cores

102 4 2 2.2 90 97.8 0 0.0 92
DGATB| 203 8 10 7.0 123 86.6 9 6.3 142
305 12 15 16.9 70 78.7 4 4.5 89
1.C 152 6 2 1.1 171 94.0 9 4.9 182
PATB 102 4 45 31.7 90 63.4 7 4.9 142
76 3 0 0.0 51 69.9 22 30.1 73
PCC 127 5 0 0.0 123 76.4 38 23.6 161
203 8 10 2.1 419 89.1 41 8.7 470
279} 11 32 7.3 387 88.0 21 4.8 440
51 2 0 0.0 123 74.1 43 25.9 166
102 4 13 2.4 476 89.1 45 8.4 534
SB 127 5 7 2.4 205 70.9 77 26.6 289

V78| 7 37 84 | 379 | 863 | 23 | 52 439 |
1 203 8 6 | 213 | 13 | 591 3 1 136 | 22

| Total | | 179 | 55 | 2720 | 833 | 342 | 106 | 3241 |
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The graphical presentation of the percentage distributions of core thickness measurements is
shown in figures 0, 71, and 72 for the three different tolerance levels.

The following are observed based on the percentage digtributions of the individud core thickness
measurements.

o Ovedl, less than 35 percent of core measurements are within + 6.35 mm of the design
thickness vaue. For some materia types and target thickness vaues, such as thin PCC
layers (76 mm [3 in] or 123 mm [5 in] thick) and 203-mm- (8-m) thick SB layers, this
percentage is below 20.

For L.C and PCC layers, a much larger percentage of cores have thicknesses higher than
desgned. For PATB, the dtuation is just the opposite.

» For DGATS, SB, and PCC layers, the percentage of sections with as-constructed
thicknesses below the target vaue increases with target thickness. For PCC layers, the
percentage of sections with as-congtructed thickness above the target value decreases
with increasng target thickness.
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Figure 70: Chart. Percentage distribution of core measurements by layer type and design
thickness for a tolerance leve of 6.35 mm (0.25 in).
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Figure 71. Chart. Percentage distribution of core measurements by layer type and des gn
thickness for a tolerance level of 12.7 mm (0.5 in).
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Figure 72: Chart. Percentage digtribution of core measurements by layer type and design
thickness for a tolerance level of 254 mm (1 in).
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Satisticd Analysis of the Core Data

Two-sided t-test

The results of the two-sided t-tests with 9.5 percent confidence are presented in table 6 1. The
digtribution of differences by different surface type and target thickness is presented in table 62.

Table 61. Summary of the results of the two-sided t-test (95 percent confidence level) using core

thickness data
Difference Number of Layers Percentage of Layers
Significantly lower than the target value 90 15.38
No significant difference from the target value 268 45.81
Significantly higher than the target value 227 38.80
Total 585 180

Table 62. Didribution of differences by layer type and design thickness (two-sided t-test, 95
percent confidence level) using core thickness data

< Significantly Lower . . Significantly Higher
Layer Tl'fi‘::ll.(g::ssi ‘than the Target N‘]))?ﬁlgel:;l:;‘;:m than the Target Total
Type Value Value Numlzer of
mm | in Numb.er of Percqnt of Number of Percgnt of Numl:fer of Perce'nt of | Sections
Sections Sections Sections Sections Sections Sections

102 4 3 15.8 15 78.9 1 5.3 19

DGATB| 203 8 5 16.1 16 51.6 10 32.3 31

305 12 3 15.8 i1 57.9 5 26.3 19

LC 152 6 2 5.7 13 37.1 20 57.1 35

PATB 102 4 13 41.9 15 48.4 3 9.7 31

76 3 0 0.0 2 20.0 ] 80.0 10

PCC 127 5 1 8.3 2 16.7 9 75.0 12

203 8 6 8.5 21 29.6 44 62.0 71

279 11 12 17.1 32 45.7 26 37.1 70

51 2 3 7.7 18 46.2 18 46.2 39

102 4 13 11.8 49 44.5 48 43.6 110

SB 127 5 11 239 15 32.6 20 43.5 46

178 7 17 19.8 54 62.8 15 17.4 86

203 8 1 16.7 5 83.3 0 0.0 6

Total | 90 15.4 268 45.8 227 | 388 585

The toliowing are observed based on the results of the two-sided t-test for the core thickness
messurements:

Overall, the mean constructed thickness for more than 45 percent of layers is not

significantly different from the target thickness. The percentage is highest for DGATB
and lowest for PCC and L.C.

DGATB has the highest number of sections (61 percent) with mean constructed
thicknesses not different from the target vaues. For dmost 80 percent of the sections
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with DGATB and 102-mm (4-in) target thickness, the constructed thickness is not
ggnificantly different from the designed thickness.

¢ PCC and EC layers have the fewest number of layers (between 34 and 37 percent) with
mean constructed thicknesses not sgnificantly different from the target vaues. For thin
PCC dabs, this percentage is 20 or below.

One-sided t-test

Three one-Sded t-tests (95 percent confidence level) were performed to check whether the
difference between as-constructed and as-designed thickness is lower than 6.35 mm (0.25 in),
12.7 mm (0.5 in), and 254 mm (1 in), respectively. The results of the overdl andyss of dl data
points for dl layers are summarized in table 63.

The reaults of the andysis by layer type for different tolerance levels are presented in tables 64
through 66.

Table 63. Summary of the results of the one-sded t-tests using core thickness data

. Difference Between As-Constructed and As-Designed Thickness
;ie ‘:ilﬁ(::ince 6.35 mm (0.25 in) 12.7 mm (0.5 in) 25.4 mm (1.0 in)

g Number of Percent of Number of Percent of Number of Percent of

Layers Layers Layers Layers Layers Layers
Significantly : :
lower than the 58 9.91 34 5.81 22 3.76
| target value '

No significant
difference from 378 64.62 473 80.85 533 91.11
the target value
Significantly
higher than the 149 25.47 78 13.33 30 5.13
target value
Total 585 100 585 100 585 100
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Table 64. Results of the one-sded t-test (95 percent confidence level) by layer type and design
thickness for tolerance level of 4.35 mm (0.25 in) using core thickness data.

Target Mean Thickness Meal‘lw'li‘tl::ic:ness Mean Thickness Total
I’i‘aycr Thickness | <TV-6.35 mm (0.25 in) TV + 6.35 mm (0.25 in) >TV+6.35 mm (0.25 in) Numper of
ype . Number of | Percent of | Number of | Percent of | Number of | Percent of | sections
mm §om Sections Sections Sections Sections Sections Sections

102 4 1 5.3 17 89.5 1 5.3 19
DGATB| 203 8 4 12.9 20 64.5 7 22.6 31
305 12 3 15.8 12 63.2 4 21.1 19
LC 152 6 2 5.7 22 62.9 11 31.4 35
PATB 102 4 13 41.9 16 51.6 2 6.5 31
76 3 0 0.0 2 20.0 8 80.0 10
PCC 127 5 0 0.0 5 41.7 7 58.3 12
203 8 2 2.8 40 56.3 29 40.8 71
279 i1 6 8.6 50 71.4 14 20.0 70
51 2 1 2.6 20 51.3 18 46.2 39
102 4 7 6.4 75 68.2 28 25.5 110
SB 127 5 5 10.9 27 58.7 14 304 46
178 7 12 14.0 68 79.1 6 7.0 86
203 8 2 33.3 4 66.7 0 0.0 6
Total R 58 2.9 378 64.6 149 25.5 585

Table 65. Results of the one-sided t-test (95 percent confidence level) by layer type and design
thickness for tolerance level of 12.7 mm (0.5 in) usng core examination data

Target Mean Thickness Mea%:l}:icl‘kness Mean Thickness Total
!;;3;;: Thickness <TV-12.7 mm (0.5 in) IV’ + 127 mm (6.5 in) >TV+12.7 mm (0.5 in) Numl?er of
o ._ | Number of [ Percent of | Number of | Percent of | Number of | Percent of  Sections
i M gantions | Sections | Sections | Sections | Sections | Sections |
- 19
peaTE [T | 61— 88T | e 2 B8 | 3l
3051 121 2 105 | 14 73.7 3 51| 19
LC 152 6 | 0 00 | 27 771 8 229 35
PATB | 1021 4] 1 323 | 20 645 1 | 32 31
6 1| o | 00 4, | 400 5| 600 | 10
PG 1271 s 0 0.0 6 50.0 6 50.0 12
203 | 8 1 14 58 81.7 12 16.9 71
279 | 11 6 8.6 59 84.3 5 | 7.1 70
51 2 0 | 0.0 29 744 | 10 | 256 | 39
L1021 4] 5 1| 45 | 97 | 882 | 8 | 73 | 110 |
SB 11271 51 1 22 | 33 | 7| 1 | 261 | 46 |
L8| 7 7 1 8.1 | 77 | 895 | 2 23 | 86 |
| 203 ] 8] 2 | 333 | 4 | 667 | 0 | 00 | 6 |
| Total | | \ 34 | 58 | 413 1 809 | 78 | 133 | 585 |
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Table 66. Results of the one-sded t-test (95 percent confidence level) by layer type and design

thickness for tolerance level of 25.4 mm (1 in) usng core examination data

Mean Thickness

T.arget Mean Thicknes_s Within %\;I’ez;r; Ehickness. Total

Ii'ayer Thickness | <TV-25.4 mm (1in) TV +25.4 mm (1 in) >TV+25.4 mm (1 in) Number of

ype . Number of| Percent of [Number of | Percent of [Number of [Percent of | Sections '
mm in ) ; X i . .

Sections Sections Sections Sections Sections Sections ]

102 4 0 0.0 19 100.0 0 0.0 19 ]
DGATB| 203| & 0 0.0 31 100.0 0 0.0 31
| 306 | 12 1 53 18 | U7 0 0.0 19
LC 11521 ¢ o | 00 | A 97.1 I 1 29 35
PATB 102 4 I 226 23 74.2. Il 32 31
76 3 0 0.0 8 80.0 2 20.0 10
PCC 127 5 0 0.0 10 83.3 2 16.7 12
203 8 0 0.0 68 95.8 3 4.2 71
279 11 6 8.6 64 91.4 0 0.0 70
51 2 0 0.0 32 82.1 7 17.9 39

102 4 3 | 27 103 .. 936 4 3.6 110 |
SB 127 5 0 0.0 37 80.4 9 19.6 46
178 7 4 4.7 81 94,2 1 1.2 86
203 R L 16.7 5 [ 83 1 0 0.0 6
Total 22 3.8 533 | 9n1 | 30 5.1 585

The graphical presentations of one sSded t-test results of core thickness measurements are shown
in figures 73, 74, and 75 for the three different tolerance levels.

The following conclusons may be drawn based on results of the t-test for the core thickness
measurements.

The PCC layers have the highest percentage of sections with mean measured thicknesses
above their target thicknesses for al three tolerance levels. This percentage decreases
with the increased PCC target thickness. For thin bonded PCC layers (76-mm- [3-in-] or
123-mm- [5-in-] thick), there are no sections with layer thicknesses sgnificantly  lower
than the target value. For very thin bonded PCC overlays (76-mm- [3-in-] thick), 80
percent of the sections have mean thicknesses dgnificantly higher than the target vaue
for more than 6.35 mm (0.25 in). This percentage decreases with increasing target
thickness.

e For dl materid types except PATB and 178-mm- (7-in-) and 203-mm- (8-in-) thick SB

layers, a much larger percentage of layers have a mean thickness significantly higher than
designed. For PATB, the dtuaion is just the opposite, with more than 40 percent of
layers having vaues that are sgnificantly lower than the target vaue for more than 6.35
mm (0.25 in). For 203-mm- (g-in-) thick SB layers, there are no sections with a mean
measured thicknesses ggnificantly higher than designed.

For DGATB and SB layers, the number of sections with mean thicknesses below target
thickness increases with the design thickness.

All sections with DGATB and LC layers, except one, have thicknesses within + 254 mm
(1 in) of the target thickness.
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Figure 73: Chart. Results of one-sided t-tests for the differences between core measurements
and design thicknesses for tolerance level of 6.35 mm (0.25 in).
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Figure 74: Chart. Results of one-sided t-tests for the differences between mean core and design
thicknesses by layer type and design thickness for tolerance level of 12.7 mm (0.5 in).
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Figure 75: chart. Results of one-sided t-tests for the differences between mean core and design
thicknesses by layer type and design thickness for tolerance level of 254 mm (1 in).
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Summary

In this chapter, the as-congtructed core and eevation grid layer thickness measurements were
compared to the design thicknesses for newly constructed SPS layers.

The mean thickness difference between as-designed and as-constructed thicknesses was
computed for each Payer using both core and eevation thickness measurements and typica
thickness deviaions from the target thicknesses are summarized, as well as their digtribution
types.

For both data sources, two types of comparisons are made in relation to their as-designed
thicknesses or target vaues. First, both data sources were evaluated for the percentage of
individuad measurements ether within or outsde specific vaues from the target thickness.
Second, a datigticd analyss was performed to compare the measured mean thickness values
with the designed values. Two types of the thickness comparisons are performed for both data
sources. The two-sided t-test with 95 percent confidence level was used for each section and
layer to determine whether differences between as-designed and as-constructed thicknesses are
sgnificant. One-sided t-tests with 95 percent confidence level were used for each layer to
determine if the difference between as-designed thickness and the mean as-congtructed thickness
hed dgnificat allowances of more than6.35 mm (0.25 in), 12.7 mm (0.5 in), and 254 mm (1
in), respectively.

Based on the andysis of both data sources, the following conclusions can be made:

s The computed description datistics usng eevetion measurement data are different from
those using core examination data. However, based on statistical anayses, the
differences in the mean layer thicknesses and standard deviations a the section or layer
level are not sgnificant for a mgority of the layers.

s For the same layer and materid type, the mean congtructed layer thicknesses tend to be
above the designed vdue for the thinner layers and below the design vaue for the thicker
layers.

e The mgority of the L.C and PCC layers have constructed or measured thicknesses greater
than the design vaues This is paticulaly true for thin (76-mm- [3-in-] and 127-mm- [5-
in-] thick) PCC dabs.

o Thin PCC and AC surface and binder layers have the highest number of sections with a
mean as-congtructed thickness that significantly deviates from the design thicknesses.

» Elevation thickness measurements for PATB are more evenly distributed around the
target value. However, the core measurements for PATB show that a Sgnificant number
of sections have thicknesses lower than the target thickness. It appears that for some
cores the entire thickness of PATB layer was not obtained. The andyss shows the
values currently stored in the deatabase. A feedback report was submitted regarding these
guestionable data. In some cases, core thicknesses were less than 254 mm (1 in), even
though the target thickness is 102 mm (4 in).

« About 60 percent of al sectionlayers have mean thickness within £6.35 mm (0.25 in)
from the target thickness. For a tolerance level of 254 mm (1 in) this percentage is
above 90 for most layer types and target thickness vaues.
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A comparison between analyss results from the devation and core thickness measurements
shows that the percentage of measurements within the seected limits is gpproximately the same
for dl three tolerance levels. However, the percentage of measurements lower than the target
vaue is conggently higher for core measurements than for devation grid messurements.

Based on devation measurements, it is observed that more than 70 percent of sections with
DGAB have as-congructed thickness within £6.35 mm (0.25 in) from the design vaue.
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7. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

Summary and Conclusions

This study was conducted to assess quality and completeness of pavement layering  informetion
and layer thickness data and to provide recommendations for improvement of the data that are
currently avalable in the LTPP database. Within-section layer thickness variability was
characterized, and as-designed and as-constructed thicknesses were compared. Additiondly, a
Guide for LTPP Layer Thickness Data was developed.

Data Availability and Completeness

In the course of the study, layer thickness data available in the LT PP database were examined to
evauae quality and completeness usng Levels A to E data. The layer thickness data availability
assessment indicated that the TST_LL05SB and TST_LOSA tables contain the most complete set of
information about the representative layer dructure and thickness for section-level andyss.
Only 16 pavement sructures from LTPP regular sections and 1 pavement structure from a
supplemental section do not have any layer dructure (including thickness) information in ether
TST_L05B or TST_LO5A. Andysis of data completeness a QC Level E reveded 3,457
pavement layer dructures in the EXPERIMENT_SECTION table. Some 3,240 of these
structures (93.7 percent) had records in table TST_LO5B, while 3,229 structures (93.4 percent)
had records in table TST _LO5A.

Laver Thickness Quality and Conssency

Following the data completeness evduation, pavement layer thickness and other related data
from different data sources were evaduated to determine consstency of layer functiond
description, materia type, and thickness data between different data sources. In addition, layer
thickness variability indicators, within-section meterid type condgstency, and materid type and
thickness reasonableness were evaluated using selected tables where these parameters were
avallable.

The results of the data consstency evauaion showed tha the pavement layer functiona
descriptions are consstent between different LTPP tables for 93 percent of al cross-section
layers evauated in the study. Materid type descriptions were found to be consstent between
different tables for 79 percent of al section layers evauated in the sudy. Evauation of materia
type condstency was condrained by the absence of a unified materid coding scheme.
Representative layer thickness values were found consstent between different tables for 89
percent of all pavement cross-section layers evauated in the study. In the cases where
inconsigtency in data from one or more data sources was identified, a layer was flagged for
further review. Inconsgtencies in pavement layering data were reviewed and reported to the
LTPP data managers in the form of the data andysis/operations feedback reports adong with
recommendations for data anomay resolution.
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Additionally, reasonableness (or vaidity) of materid type description was evauatted. The
purpose of the reasonableness check was to evauate whether the materid descriptiion code for
the layer is condstent with the layer functional description. While most of the records had valid
material codes, 642 records out of 41,111 (1.56 percent) had erroneous material codes, and some
records were missing material codes. The identified records were reported to the FHWA in a
data analysis/operations feedback report.

Reasonableness of layer thickness data was evauated using the representative layer thickness
ranges specified in the SHRP-LTPP Lab Guide [3]. As a result of the layer thickness
ressonableness  evaudtion, thickness vaues outsde the representative thickness ranges were
identified and reported to the FHWA.

Within-Section Thickness Variation

The variation in layer thickness data from SPS experiments obtained a different locations within
sections was andyzed and characterized usng theoreticd datisticd didributions. The andyss
included layers with different materid and functiond types, including AC surface courses,
combined AC surface and binder courses, AC binder courses, dense-graded aggregate bases,
dense-graded AC-treated bases, permeable AC-treated bases, lean concrete bases, PCC surface
layers, and PCC overlay layers. To assess layer thickness distribution characterigtics, descriptive
datistics such as mean, standard deviation, skewness, and kurtoss were computed for each
section. A combined test for skewness and kurtosis was sdected to test the normdlity of layer
thickness digtributions for 1,034 SPS layers. The statistical analysis results indicated thet, for 84
percent of dl layers thickness variations within a section indicate a norma didribution. These
results can sarve as 8 very important input to pavement engineering applications involving
religbility of pavement desgn and dso for qudity assurance condruction Specifications.

As-Designed vearsus As-Constructed Thickness Comparison

As-congtructed core and eevation layer thickness measurements were compared to the design (or
target) thickness vaues for newly congructed SPS layers. The data were evaluated to determine
the percentage of the individual measurements either within or outside specific velues from the
target thickness.

Stetigical analyses of the messured mean thickness values versus the designed vaues were
performed using t-tests. Two sided t-tests with 95 percent confidence level were used for each
section and layer to estimate whether the differences between as-designed and as-constructed
thicknesses ae dgnificant. One-sided t-tests with 95 percent confidence level were used for
each Payer for the difference between as-designed thickness and the mean as-constructed
thickness and for alowances of 6.35 mm (0.25 in), 12.7 mm (0.5 in), and 25.4 mm (1 in).

Based on the analysis of both data sources, the following conclusions can be mede:
s The mgority of the EC and PCC layers have congructed or measured thickness above the

desgn vaues. This is particularly true for thin (76 mm [3 in} and 123 mm [5 in] thick)
PCC borded overlays of PCC slabs.
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e Thin PCC and asphdt concrete surface and binder layers have the highest number of
sections with mean as-congructed thickness that sgnificantly deviates from the designed
thicknesses

¢ Elevation thickness measurements for PATB are more evenly digtributed around the
target value. However, the core measurements for PATB show that a sgnificant number
of sections have thicknesses lower than the target thickness. It gppears that for some
cores the entire thickness of PATB layer was not obtained. The analyss shows the
vaues currently stored in the database. A feedback report was submitted regarding these
questionable data. In some cases the core thicknesses were below 254 mm (1 in),
dthough target thickness is 102 mm (4 in).

e About 60 percent of section/layers have mean thickness within £6.35 mm (0.25 in) from
the target thickness. For the tolerance level of 254 mm (1 in) this percentage is above 90
for most layer types and target thicknesses.

A comparison between andysis results from the eevation and core thi ckness measurements
shows that the percentage of measurements within tolerance limits for all three tolerance levels is
gpproximately the same. However, the percentage of measurements lower than the target value
Is conggently higher for core measurements than for eevation measurements.

Based on devation measurements, it is observed that more than 70 percent of sections with
DGAB have as-condructed thicknesses within k4.35 mm (0.25 in) from the design vaue.

Researcher’s Guide for LTPP Layer Thickness-Related Data

One important product from this study is a Researcher’s Guide for LTPP Layer Thickness Data
The main purpose of this researcher’s guide is to provide guidance for sdecting layer material
type and thickness data from the LTPP database. The guide aso contains a discusson about
within-section layer thickness variability and a comparison between as-designed and as-
constructed layer thicknesses. The researcher’s guide is presented in a se parate report.

Recommendations

Computed Quantity Data for Inclusion in the LTPP Database

Along-the-section variability of layer thickness is an essentid input for reliability-based
pavement desgn and performance modeding. This input is characterized by the Satigtica
digribution atributes. During the evauaion of within-section layer thickness variability,
comprehendgve descriptive dtatistics were obtained from rod and level eevation measurement
dong the LTPP sections, for pavement structural layers (base and surface course):

¢ Maean

e Standard deviation
" o Skewness

e Kurtoss
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These data provide means for evauaing the digribution shgpe of layer thickness measurements
observed dong the LTPP sections. Tests of normdity were carried out to identify sections and
layers that have thickness vaues didtributed normdly. This vauable information provides
datisticd characteridics of the within-section variability in pavement layer thickness for
different pavement layers and materid types required for pavement engineering studies
involving assessment of pavement design rdiability, such as mechanidic-empirical  pavement
design procedures or pavement management procedures involving risk andyss. As such, we
recommend including these datigtics in the LTPP database as a new computed parameter tables
(one table for each SPS experiment). The essentid fidds recommended for the new tables are:

e Layer type

e Mean

e Standard deviation
e Skewness

e Kurtosis

e Normality indicator

Researcher’s Guide to LTPP Layer Thickness Data

Pavement layer materid type and thickness data are very important for many types of pavement
engineering analyses. The accuracy of layer thickness data has a grest impact on the outcome of
practicdly all andyses of pavement peformance. As part of the LTPP program data collection
effort, a large amount of data related to layer materia type and thickness data have been
collected from severd sources. These data are stored in many different tables. Based on the
anayss type, data from one or another table may be more appropriate.

To make the process of navigation through the LTPP layer thickness data more user-friendly, a
Researcher’s Guide for LTPP Layer Thickness Data was developed in this study. This guide
discusses the fidd sampling, materids testing, and other layer thickness data collection activities
utilized in LTPP. The layer thickness data that currently reside in the LTPP database are
presented in relation to the data collection activities or data sources. The guide dso explains
how to search for the most gppropriate thickness for different research purposes.
Characterization of the within-section thickness variation and designed versus congructed or
measured thickness data variation for the LTPP sections are dso included in the guide. We

recommend that this guide be used as a reference when sdlecting LTPP pavement layering data
SOUrces.

Improvement of 1. TPP Pavement Thickness Data Quantity and Quadlity

In an atempt to improve LTPP Payer thickness data qudity and quantity, an extensve review of
layer thickness data available in the LTPP database was carried out in this study. As a resullt,
severd issues concerning questionable or anomaous data have been identified and reported to
FHWA an a form of feedback reports. To improve the qudity of existing Payer thickness data
and to fill in any identified data gaps, the reported data problems should be reviewed by the

appropriate parties and, where warranted, e LTPP database should be updated and cleaned to
remove anomalous data.
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APPENDIX A - CORRELATED MATERIAL CODES

Table 67 presents corrdlated groupings of “smila” materids used to corrdlate materia codes
from inventory and testing tables. The first two columns provide materid codes and LTPP
material descriptions used in the TST* tables. The second and third columns provided materia
codes and LTPP materia descriptions used in the INV*, RHB*, and SPS* tables. The last

column shows “similar” materid descriptions developed in this study to link testing and
inventory materia codes.

Table 67. Correlated materia codes.

TESTING INVENTORY ANALYSIS
TST o INV "Similar' Material
Code LTPP Description Code pTPP Description Description
333 | Cement-treated Soil 42 | Lime-Treated Subgrade Soil | Stabilized Subgrade Soil
338 Lime-Treated Soil a3 | Soment-Treated Subgrade | g bilized Subgrade Soil
101 | Fine-Grained Soils: Clay Clayey Soils
. Fine-Grained Soils: Lean -
102 Inorganic Clay Clayey Soils
Fine-Grained Soils: Fat .
103 Inorganic Clay Clayey Soils
Fine-Grained Soils: Clay ;
104 with Gravel Clayey Soils
Fine-Grained Soils: Lean i
105 Clay with Gravel Clayey Soils
Fine-Grained Soils: Fat :
106 Clay with Gravel Clayey Soils
Fine-Grained Soils: Clay .
107 with Sand Clayey Soils
Fine-Girained Soils: Lean .
108 | Cigy with Sand Clayey Soils
Fine-Ckained Soils: Fat :
109 | Clay with Sand Clayey Soils
Fine-Cbrained Soils: :
i Gravelly Lean Clay Clayey Soils
Fine-Grained Soils: .
1,12 Gravelly Fat Clay Clayey Soils
Fine-Girained Soils: .
1
116 | Grayelly iy win Sand Clayey Soils
Fine-Grained Soils:
117 | Gravélv Lean Clay with I Clayey Soils
Sand | 1 (
Fine-Grained Soils: .
18 Gravelly Fat Clay with Sand \ \ \ Clayey Soils
Fine-Grained Soils: .
134 ) Gravelly Silty Clay \ \ Clayey Soils
Fine-Grained Soils: Sandy ;
135 Silty Clay \ \ Clayey Soils
Fine-Grained Soils: I
136 | Gravely Sty Clay with Clayey Soils
Sand [
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Table 67. Correlated material codes, continued.

TESTING INVENTORY ANALYSIS
TST .. INV . "Similar’' Material
Code L TPP Description Code LTPP Description Description
13 g‘lz‘;‘Gra’“"d Soils: Sandy 52 | Sandy Clay Clayey Soils
Fine-Grained Soils: Sandy .
114 Lean Clay Clayey Soils
115 Fine-Grained Soils: Sandy Fat Clayey Soils
Clay
Fine-Grained Soils: Sandy .
119 Clay with Gravel Clayey Soils
Fine-Grained Soils: Sandy .
120 Lean Clay with Gravel Clayey Soils
Fine-Grained Soils: Sandy .
137 Silty Clay with Gravel Clayey Soils
131 | Fine-Grained Soils: Silty Clay 53 Silty Clay Clayey Soils
Fine-Grained Soils: Silty Clay .
132 with Gravel . Clayey SO-llS
51— Ctay(tiquid-timit>"50) " Clayey S0ifS
Fine-Grained Soils Silty Clay | I | :
133 with Sand: | | Claycy Soils
216 g;)nagsef(}ramed Soil: Clayey 60 Clayey Sand Clayey Sand
| Coarse-Grained Soil: Clayey
217 1 sand with Grave Clayey Sand
251 | Coarse-Grained Soil: Gravel 61 Gravel Gravel
266 Coarse-Grained Soil: Clayey 63 Clayey Gravel Gravel
Gravel
Coarse-Grained Soil: Clayey .
267 Gravel with Sand Gravel
Coarse-Grained Soil: Poorl
252 Graded Gravel Y 62 Poorly Graded Gravel Gravel
Coarse-Grained Soil: Poorly
253 Graded Gravel with Sand Gravel
Coarse-Grained Ssoil: Poorly
254 | Graded Gravel with Silt Gravel
.| Coarse-Grained Soil: Poorly
255 | Graded Gravel with Silt ad Gravel
Sand
Coarse-Grained Soil: Poorly '
256 | Graded Gravel with Clay Gravel
Coarse-Grained Soil: Poorly
257 | Graded Gravel with Clay and Gravel
Sand
| Coarse-@rained Soil: Well-
258 Graded Gravel Gravel
Coarse-Grained Soil: Well-
29 | Graded Gravel with Sand Gravel
Coarse-Grained Soil: Well-
261 | Graded Gravel with Silt and Gravel

Sand
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Table 67. Corrdated materia codes, continued.

TESTING INVENTORY ANALYSIS
gdee LTPP Description éf;; LTPP Description S‘“];‘:::rixzf“’”
Coarse-Grained Soil: Well-
263 | Graded Gravel with Clay Gravel
and Sand
302 | Gravel (Uncrushed) 22 | Gravel (Uncrushed) Gravel
Soil-Aggregate Mixture Soil-Aggregate Mixture
308 | (Predominantly Coarse- 26 | (Predominantly Coarse- Gravel
Grained) Grained Soil)
303 | Crushed Stone i}ocegsed Granular Base
B Prateglez Granular Base
oC
] 304 |Crushed Gravel Materials
K Processed Granular Base
305 Crushed Slag Materials
B Crushed Stone, Gravel or Processed Granular Base
23 .
Slag Materials
162 I;g:f gtﬁnslzd;‘dSOlls. Organic Organic Soil
Fine-Grained Soils: . )
163 | Gravelly Organic Soil Organic Soil
164 Fine-(}'rraingd Soils: Sandy Organic Soil
Organic Soil
280 | Stone Stone
283 | Cobbles Stone
282 | Rock 65 | Rock Rock
287 | Sandstone Rock
64 | Shale Rock
294 Other (specify if possible or Rock
unknown)
337 | Limerock, Caliche 41 Limerock, Caliche (Soft Limerock, Caliche
Carbonate Rock)
201 | Coarse-Grained Soils: Sand 24 | Sand Sand
202 g;’gi f;g:&ggdsizgs' 58 | Poorly Graded Sand Sand
Coarse-Grained Soils:
203 | Poorly Graded Sand with Sand
Gravel
Coarse-Grained Soils:
204 | Poorly Graded Sand with | Sand
Silt
Coarse-Grained Soils:
205 | Poorly Graded Sand with \ Sand
L Silt and Gravel
Caarge-Grained Soils:
206 | Poorly Graded Sand with Sand
Clay
Coarse-Grained Soils:
207 | Poorly Graded Sand with Sand
Clay and Gravel
Coarse-Grained Soils: Well-
209 | Graded Sand with Gravel Sand
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Table 67. Con-elated material codes, continued.

TESTING INVENTORY ANALYSIS
TST e INV " "Similar" Material
Code LTPP Description Code LTPP Description Description
Coarse-Crained Soils: Well-
210 | Graded Sand with Silt Sand
Coarse-Grained Soils: Well-
211 | Graded Sand with Silt and Sand
Gravel
Coarse-Grained Soils: Well-
213 | Graded Sand with Clay and Sand
Gravel
59 | Silty Sand Sand
306 | Sand 57 | Sand Sand
145 | Eine-Grained Soils: Sandy | 55| sandy silt Silty soils
Fine-Grained Soils: Sandy . . .
147 1 silt with Gravel Silty soils
141 | Fine-Grained Soils: Silt 54 | Silt Silty soils
Fine-Grained Soils: Silt ) .
.142 with Gravel Silty soils
Fine-Grained Soils: Silt . .
143 with Sand Silty soils
Fine-Grained Soils: . .
144 Gravelly Silt Silty soils
Fine-Grained Soils: e
146 | Gravelly Silt with Sand Silty soils
14g | Fine-Grained Solls: Clayey | 56| Clayey silt Silty soils
Coarse-Grained Soil: Silty .
264 Gravel Silty gravel
Coarse-Grained Soil: Silty .
265 Gravel with Sand Silty gravel
214 Coarse-Grained Soil: Silty Silty Sand
Sand
Coarse-Grained Soil: Silty .
215 Sand with Gravel Silty Sand,
Soil-Aggregate Mixture Soil-Aggregate Mixture
307 | (Predominantly Fine- 25 | (Predominantly Fine- Subgrade solls
_ Grained) Grained Soil)
309 | Fine-Grained Soils Subgrade soils
310 | Other (Specify if possible) | | Subgrade soils |
74 | Woven Geotextile | 74 | Woven Geotextile | Geomaterials |
| 75 | Nonwoven Geotextile | 75 | Nonwoven Goetextile | Geomaterials |
| 332 | Econocrete | | | Econocrete B
|71 | Chip Seal | 71 1 Chip Seal Coat | Chip Seal i
72 | Slurry Seal | 72 | Slurry Seal Coat | Slurry Seal |
73 | Fog Seal 73 | Fog Seal Coat | Fog Seal |
. 82 | Sand Seal 82 | Sand Seal | Sand Seal
78 Dense-Graded Asphalt 78 Dense-Graded Asphalt Dense-Graded, Cold-Laid
Concrete Interlayer Concrete Interlayer AC
393 Dense-Graded, Cold-Laid, 29 Dense-Graded, Cold-Laid, Dense-Graded, Cold-Laid
Central Plant Mix Central Plant Mix AC
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Table 67

. Corrdated materia codes, continued.

TESTING INVENTORY ANALYSIS
TST .. INV .. “Similar” Material
Code LTPP Description Code LTPP Description Description
204 Dense-Graded, Cold-Laid, 0 Dense-Graded, Cold-Laid, Dense-Graded, Cold-Laid
Mixed In-Place Mixed In-Place AC
319 | HMAC HMAC
|| Hot-Mixed, Hot-Laid AC, 1 2“‘%??&?&'&%" DenseGraded, Hoe-Laid
Dense-Graded =P » Lense- AC
Graded
32 Dense-Graded, Hot-Laid, o8 Dense-Graded, Hot-Laid, Dense-Graded, Hot-Laid
Central Plant Mix Central Plant Mix AC
Hot-Mixed, Hot-Laid
Hot-Mixed, Hot-Laid AC, Asphalt Concrete, Open- i | A
2 Open-Graded 2 Graded (Porous Friction Open-Graded, Hot-Laid AC
Course)
Open-Graded, Hoot-Laid, Open-Graded, Hot-Laid, ) o
325 Central Plant Mix 31 Central Plant Mix Open-Graded, Hot-Laid AC
26 Open-Graded, Cold-Laid, 2 Open-Graded, Cold-Laid, Open-Graded, Cold-Laid
C&a Pant Mix Central Plant Mix AC
207 Open-Graded, Cold-Laid, 33 Open-Graded, Cold-Laid, Open-Graded, Cold-Laid
Mixed In-Place Mixed In-Place AC
Plant Mix (Cutback .
. Plant Mix (Cutback Asphalt) .
10 f;zhalt) Material, Cold- 10 Materia. Cold-Lad Cutback Asphalt Mix
Plant Mix (Emulsified Plant Mix (Emulsified
9 Asphalt) Material, Cold- 9 Asphalt) Material, Cold- Emulsified Asphalt Mix
Lad lad
310 Pozzolanic- Aggregate 44 Pozzolanic-Aggregate High-Strength Stabilized
Mixture Mixture Bases
339 | Soil Cement 27 | soil Cement rion-Srength Stebilized
331 | Cement Aggregate Mixture 37 | Cement-Aggregate Mixture I;;g?;Strength Stabilized
16 Recycled AC, Heater 16 Ezggrled Asphalt Concrete Recycled AC, Heater
Scarification/Recompaction Scarification/& compaction Scarification/Recompaction
13 Recycled AC, Hot-Laid, 13 | Recycled Asphalt Concrete || Recycled AC, Hot-Laid,
Central Plant Mix Hot-Laid, Central Plant Mix || Central Plant Mix
208 Recycled Asphalt Concrete, 34 Recycled Asphalt Concrete, | Recycled AC, Hot-Laid,
Plant Mix, Hot-Laid Plant Mix, Hot-Laid Central Plant Mix
15 Recycled AC, Cold-Laid 15 Recycled Asphalt Concrete, | Recycled Asphalt Concrete,
Mixed-In-Place. Cold-Laid, Mixed-In-Place | Mixed In-Place
% | Recycled Asphalt Concrete, | Recycled Asphalt Concrete, \
Mixed In-Place Mixed In-Place
84 | Sand Asphalt 84 | sand Asphalt | Sand Asphalt
320 | Sand Asphalt 46 | Sand Asphalt | Sand Asphalt
321 | Asphalt-Treated Mixture | Sand Asphalt

40 | Sand-Shell Mixture

| Sand-Shell Mixture
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APPENDIX B - SKEWNESS AND KURTOSIS TEST

Statistical Formulations Used in the Skewness and Kurtosis Test

The following formulations for the combined skewness and kurtoss test were developed based
on the reference [4 1 1.

For the skewness, we have:

> (%~

skewness = k; =

(nl)(n 2)

Figure 76. Equation. Skewness definition.

For kurtoss, we have:

. 1 =14 =2 ¥
=k, = nn+1 x=X) -3 (x,—x
kurtosis = k, o m2)n3) (( )Y (x,~X) (Z( ) ))
Where:
n = number of layer thickness messurements for the layer
X; individud layer thickness measurement aong the section

X mean layer thickness

Figure 77: Equation. Kurtoss definition.

To evauate the skewness and kurtoss tests results, the non-dimensional skewness and kurtosis
coefficients are computed, as following:

g = ka/s®
Where:
s = gandard deviation.

Fgure 78. Equation. Non-dimensondl skewness coefficient definition,
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&= k4/S4
Where
s = standard deviation

Figure 79: Equation. Non-dimensond kurtoss coefficient definition.

Based on the g; and g; vaues, the Satistics JE and b, are found next;

(n-2) M
J— ,/(nl

Figure 80: Equation. Definiion of /5, saisic.

_(n-2)n- wg 3m—u
2 (m+1)(n—-1) (n+1)

Figure 81: Equation. Definition of b, ddidtic.

To find z; vaue, the following parameters are computed using \/bl and b, datidics

(n+1)(n+3)
A= J_' 6(n-2)

Figure 82: Equaion. Definition of intermediste parameter A.

_ 3n®+27n-10 n+1)(n+3)
T (m2)n+5)n+7)n+9)

Figure 83: Equation. Definition of intermediste parameter B.

\ C=4JJ2B-1)-1 \

Figure 84. Equation. Definition of intermediate parameter C.
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1

VIn(C)

D=

Figure 85: Equation. Definition of intermediate parameter D.

2
E=
Vei-1

Figure 86: Equation. Definition of intermediate parameter E.

The corresponding z; value used as a skewness test statitic is the following:

2
Z =D-ln{%+ (2—) +1]

Figure 87: Equaion. Definition of skewness test statistic z;.

To find 7, vaue, the following intermedicte parameters are compu ted next:

| mean b, = F(nd Mn+1) |

Figure 88: Equation. Definition of the mean of intermediate parameter meanb,.

24n (n-2)(n-3)
(n+l)(n+l1)(n+3)(n+5)

varb, =

Figure 89: Equation. Definition of the variance of intermediate parameter varb;.

_ (b,-meanb, )
Jvarb,

Figure 90: Equation. Definition of intermediate parameter F.

F

_ 6 (r*5n+2) [6(n+3)(n+5)
C (n+7)n+9)\ a(n2)n3)

Figure 91: Equaion. Definition of intermediate parameter G.
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H=6+5] 24 i+
G\ G G

Figure 92. Equation. Definition of intermediate parameter

The corresponding z, value used as a kurtoss test datistic is the following:

1/3

L2
L2 H
e 2
AH-4
2
OH

Figure 93: Equation. Definition of kurtoss test gdigtic 2.

The z; and z; datidtics are used to obtain the p-vaues (the probability that values of the standard

norma digtribution are more extreme than the computed z; and z, datigtics).

136




APPENDIX C - KOLMOGOROV-SMIRNOV GOODNESS-OF-FIT TEST

Procedures for the Kolmogorov-Smirnov Goodness-of-fit Test

The Kolmogorov-Smirnov test procedure involves the comparison between the experimenta
cumulative frequency and an assumed theoretical distribution function. If the discrepancy is

large compared to what is normdly expected from a given sample sze, the theoreticd modd is
rejected.

The Kolmogorov-Smirnov test procedure involves the following steps

1. Sort layer thickness measurements in the ascending order.

2. Compute cumulative frequencies of each layer thickness observation S,(x) usng the
folowing formula

0 x<x

k
S,,(x)=<; x, <x<x,,

LI X2 X,_,

Figure 94: Equation. Cumulative frequencies definition.

Where x; is a layer thickness vaue from sample of n layer thickness measurements sorted
in the ascending order by thickness vdue. The k « index indicates the order of layer
thickness observation in the sorted layer thickness array.

3. Sdect a candidate theoreticd digribution function (for example, norma digtribution).

4. Using the layer thickness measurements data, compute descriptive datistic vaues
necessary for definition of the sdected theoretica didribution (for example, mean and
gandard deviation).

5.

Usng sdected theoreticd didribution function and computed descriptive datigtics,

compute theoreticd cumulative frequency vaues F(xi) for each thickness vdue x;.

6. Find the difference between the observed cumulative frequency value S.(x¢) and the
theoreticaly predicted cumulative frequency vaues F(xy) for each x; from the sample of n

thickness measurements.

Sdect the maximum difference between the observed cumulative frequency vaue S.(xo)

and the theoreticaly predicted cumulative frequency vaues F(x;) caled the observed

maximum difference D, or D-max ddidic. This vaue is a measure of discrepancy
between the theoreticd model and the observed data
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D, =m?x|F(xk)—-Sn(xk)|

Figure 95: Equation. D-max datigic definition.

8. Sdect leved of dgnificance a = 1 percent
9. Compute the critical vdue D” based on selected value of a Based on vaue of n, D% is
found as following

T
if 5<n<50, 07688 . n %  (aproximately, R> =0.99)
Da=95 —

if n>350, 1.031-:n~ %

The D* ddtigtic is defined as P(D, < D¥) = 1-«

Figure 96: Equetion. Criticd velue D* definition.

10. The Kolmogorov-Smirnov test determines whether, for pecified level of ggnificance a
the proposed distribution is an acceptable representation of the fidd data

it Pn <P, the theoretical distribution is acceptable
it P+ 2P, the theoretica distribution is rejected

Figure 97. Equation. Kolmogorov-Smirnov test evduation criteria

The following figure 98 demondrates the results of the Kolmogorov-Smirnov tet for a layer that
did not pass the test of normdlity.
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0.9 a Sn(x) :
’ F(x) normal distribution
0.8
{ + Dn
_ 0.7 7
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E D, =0.195
£ g4 | D, =0.139
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0 : Ho: Rejected
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Figure 98: Chat. Example of Kolmogorov-Smirnov norma distribution goodness-of-fit test
(DGAB layer SPS-1 LTPP section 01_0101).

Results of the Kolmogorov-Smirnov Geodness-of-fit Tests

The layer thickness measurements taken along the SPS LTPP sections for the structurd layers
were tested to determine bow well the distribution of layer thickness measurements taken dong
the LTPP section follow sdected theoretical digtribution. The following table 69 provides the
description of the layer and materid types used in the SPS experiments. The table adso provides
information about layer thickness measurement sample Szes available in the LTPP database.

Table 68. Number of pavement layers and number of layer thickness measurements per layer
grouped by materid and layer type.

Total Rumber of samples with the following number of observations
Layer-Material Type number 60 or
of 111510152025/ 30]|35]40]45 ‘ 50 | 55 \

samples more

AC_SURFACE_COURSE 133 {4jojolijt{7]olejojolsiir]| o

BINDER_COURSE s0 lil3jojojtjsjojojojolajan] o
DENSE_GRADE_AGG_BASE 220 {1fol2]sfo]3fsjo]i]s|1iim] wl

DENSE_GRD_ASPH_TREAT BASE| 97 |oloj1lofolofololof2]2]9o] o

LEAN_CONCRETE 48 Jolojojojololsjofjolojols| s

| PCC_SURFACE 178 f1joliJojol2j4al1lol2]s]m] e

PERM_ASPH_TREAT_BASE 130 frjol2lojolifoflolojrjifum] 4

AC_SURFACE_AND_BINDER 191 jojolz]Jololofojilolafjajimm| 3

139



One data sample represents a group of measurements taken aong the LTPP section for a specific
layer and material type. There are 1,047 layers with thickness measurements aong the LTPP
section avallable in the LTPP database for the surface and base courses. The number of
thickness measurements per Payer and materia type taken aong the LTPP section ranges from 1
to 60. About 85 percent of al layers have at least 55 observations.

A totd of 1034 pavement layers were tested to determine how wel varigbility in layer thickness
data dong the LTPP section could be described using norma distribution.  Kolmogorov-
Smirnov goodness-of-fit test evauated for level of significance dpha equa to 1 percent are
summarized in table 70.

The results did not show as grong an indication of layer thickness digtribution normaity as the
results of combined skewness and kurtosis test. This could be explained by lower power of
Molmogorov-Smirnov goodness-of-fit test compared to the combined skewness and kurtosis test.
Low power indicates high probability of faling to rgect the fase null hypothess.
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Table 69. Summary of the goodness-of-fit results using Kolmogorov-Smirnov test with
1 percent level of sgnificance.

Experiment | Number of layers | Not rejected (Normal) | Rejected (Not normal)
AC_SURFACE_COURSE
SPS-5 93 34 (36.6 %) 59 (63.4 %)
SPS-6 36 12 (33.3 %) 24 (66.7 %)
SURFACE_AND_BINDER
SPS-1 167 61 (36.5 %) 106 (63.5 %)
SPS-8 22 14 (63.6 %) 8 (36.4 %)
PERM_ASPH_TREAT_BASE
SPS-1 83 46 (55.4 %) 37 (44.6 %)
SPS-2 46 28 (60.9 %) 18 (39.1 %)
PCC_SURFACE
SPS-2 139 70 (50.4 %) 69 (49.6 %)
SPS-7 24 21 (87.5 %) 3(12.5 %)
SPS-8 14 9 (64.3 %) 5 (35.7 %)
LEAN_CONCRETE
SPS-2 48 26 (54.2 %) 22 (45.8 %)
DENSE_GRD_ASPH_TREAT _BASE
SPS-1 97 45 (464 %) 52 (53.6 %)
DENSE_GRADE_AGG_BASE
SPS-1 97 63 (64.9 %) 34 (35.1 %)
SPS-2 84 53 (63.1 %) 31 (36.9 %)
SPS-8 38 30 (78.9 %) 8 (21.1 %)
BINDER_COURSE
SPS-5 33 11 (33.3 %) I 22 (66.7 %)
SPS-6 13 7 (53.8 %) i 6 (46.2 %)
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